Protein synthesis on heterologous messenger RNA in Xenopus oocytes by Asselbergs, F.A.M.
ач
03 
Protein Synthesis on 
Heterologous messenger 
RNA in Xenopus oocytes 
i 
PROTEIN SYNTHESIS ON HETEROLOGOUS 
MESSENGER RNA 
IN XENOPUS OOCYTES 
PROMOTOR: 
PROF. DR. H. BLOEMENDAL 
CO - REFERENT: 
DR. W.J. VAN VENROOU 
PROTEIN SYNTHESIS ON HETEROLOGOUS 
MESSENGER RNA 
IN XENOPUS OOCYTES 
P R O E F S C H R I F T 
TER VERKRIJGING VAN DE GRAAD VAN DOCTOR IN DE 
WISKUNDE EN NATUURWETENSCHAPPEN 
AAN DE KATHOLIEKE UNIVERSITEIT TE NIJMEGEN 
OP GEZAG VAN DE RECTOR MAGNIFICUS 
PROF. DR. P.G.A.B. WIJDEVELD 
VOLGENS BESLUIT VAN HET COLLEGE VAN DECANEN 
IN HET OPENBAAR TE VERDEDIGEN 
OP DONDERDAG 8 NOVEMBER 
DES NAMIDDAGS OM 2 UUR PRECIES 
door 
FREDERICUS ALPHONSUS MARIA ASSELBERGS 
geboren te Bergen op Zoom 
1979 
Druk: Offsetdrukkerij Faculteit der Wiskunde en Natuurwetenschappen 
Nijmegen 
Motto: REM ACU TETIGI (Plautus) 
AAN MIJN VADER EN MIJN MOEDER 
Bij het uitvoeren van de experimenten, die tesamen dit proefschrift vormen, 
heb ik veel steun ondervonden van talloze medewerkers van de Katholieke Universi-
teit, die min of meer verborgen blijven achter de schermen van de universitaire orga-
nisatie. Niets van dit alles zou tot stand zijn gekomen zonder de goede verzorging 
van de dieren, met name die van de klauwpadden, zonder de assistentie van de mede-
werkers van het Centraal Dierenlaboratorium bij de isolatie van konijnenbloed en 
bij de vele immunisaties, zonder de hulp van de student-assistenten, die de lens-
polysomen isoleerden, en zonder de technische bijstand van de instrumentmake-
rijen van de faculteiten Geneeskunde en Wiskunde en Natuurwetenschappen. De af-
delingen Medische Illustratie en Medische Fotografie verzorgden op een voortreffe-
lijke manier de vele tekeningen en foto's. De afdeling Genetica dank ik voor het ge-
bruik van de apparatuur voor het maken van de injectiecapillairen. 
Mijn bijzondere dank gaat uit naar Marion Koopmans voor het analyseren van 
de oocyten van de in totaal bijna 50 padden. Haar praktisch organisatietalent maak-
te het voor mij mogelijk om mijn aandacht te verdelen over een groot aantal parallel 
lopende experimenten. Ook Annemarie Selten - Versteegen wil ik op deze plaats 
niet vergeten. De hulp van Frans Ramaekers, Wilbert Peeters en Eline Meulenberg, 
gegeven in het kader van hun doctoraal-stage biochemie, heeft veel bijgedragen tot 
de resultaten van dit onderzoek. Cobi van Breda dank ik voor het maken van de 
coupes van de Xenopus oocyten. De leerzame en stimulerende samenwerking met 
mijn collega's van de afdeling Biochemie, in het bijzonder met Martin Salden, heb ik 
zeer op prijs gesteld. 
CONTENTS 
Page 
I. Introduction: Injection of purified macromolecules into 
amphibian oocytes 9 
II. Using a living cell as test tube 16 
III. Micro-injection of messenger RNA into amphibian oocytes: Regulation 
of messenger RNA translation 41 
III-l Micro-injection of messenger RNA into amphibian oocytes as 
probe for the post-transcriptional control of protein synthesis...42 
III-2 Synthesis of lens crystallins in Xenopus oocytes as determined 
by quantitative immunoprecipitation 85 
111-3 Messenger RNA competition in living Xenopus oocytes 93 
III-4 Cap-analogues do not inhibit mRNA translation in Xenopus oocytes..99 
IV. Post-synthetic fate of the translation products of messenger RNA 
mi ero-i η jee ted into Xenopus oocytes 103 
IV-1 Post-synthetic fate of the translation products of messenger RNA 
microinjected into Xenopus oocytes 104 
IV-2 Post-translational assembly of lens a-crystallin in the 
reticulocyte lysate and in Xenopus oocytes 132 
V. Translation of Virus-specific messenger RNA in Xenopus Oocytes 141 
V-l Introduction: Polyprotein cleavage and subgenomic mRNAs 142 
V-2 Translation of oncogenic virus RNA in Xenopus laevis oocytes 145 
V-3 Kinetics of synthesis and proteolytic processing of precursor 
polypeptides of Rauscher murine leukemia virus in frog oocytes 
following micro-injection of viral RNA 149 
Samenvatti ng 184 
Curriculum Vitae 187 

CHAPTER I 
INTRODUCTION 
INJECTION OF PURIFIED MACROMOLECULES 
INTO AMPHIBIAN OOCYTES 
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Introduction: Injection of purified macromolecules into amphibian 
oocytes: A compromise 
This thesis deals primarily with experiments in which macromol-
ecules isolated from animal and plant cells are injected into the 
oocytes of the African clawed frog, Xenopus laevis. The large size of 
these cells provides the molecular biologist with the possibility to 
introduce precise amounts of macromolecules of biological interest into 
a living cell and makes it possible to (re-)isolate macromolecules from 
an injected cell. This type of non-genetic recombination experiment is 
in a sense a compromise, since it is at most a close alternative to what 
molecular biologists really want to do: to study the function of puri-
fied macromolecular cell components by reconstituting them into a living 
cell. However, this is a dream far beyond our present possibilities, 
which only allow us partial reconstitution experiments in vitro. In so-
called cell-free systems we can manipulate the individual components 
very easily. Unfortunately, many macromolecules cannot display all 
aspects of their function in vitro due to the incompleteness of cell-
free systems. Alternatively we can use the powerful isolation tech-
niques of biochemistry to study the pathways of macromolecules in vivo 
as they are influenced by (manipulatable) factors outside the cells. 
The microinjection approach may also be considered a compromise in that 
it is a combination of the in vitro and the in vivo experiment: being 
able to manipulate the intracellular components of a cell under the 
conditions of the in vivo experiment. 
In addition to a series of experiments of the author on micro-
injection of mRNA in Xenopus oocytes, this thesis contains also a 
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description of the technical aspects of microinjection and of the bio-
logical features of the Xenopus oocyte as well as an up to date review 
on microinjection of mRNA. The author hopes that the collection of 
articles presented here will provide useful background information for 
future investigators planning experiments with oocytes and that it will 
further enhance the popularity of this versatile experimental system. 
The rest of this introductory chapter contains a brief summary of the 
contents of the thesis. 
Chapter II discusses the problems and possibilities of microin-
jection into Xenopus oocytes and compares them with other microinjection 
systems. Apart from their size, amphibian eggs and oocytes have several 
advantages as compared to other micro-injection systems. Their unique 
position in the development of the organism has made the oocytes the 
subject of many experiments on the molecular biology of early devel-
opment. This, in turn, has resulted in an abundance of data on these 
cells, of which a concise review is given with emphasis on the impli-
cations for microinjection experiments. 
The oocyte system has been remarkably popular, especially in the 
field of translation of eukaryotic mRNA. In fact, it was by using 
oocytes that it was first demonstrated that a purified mRNA from one 
kind of eukaryotic cell (9S globin mRNA from rabbit reticulocytes) is 
acceptable to the translational apparatus of another cell type (the 
oocyte) (Lane, Marbaix and Gurdon, 1971). This type of experiment has 
since then been repeated with many other mRNA species, listed in section 
III-l. This section contains a review of how microinjection of mRNA 
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into Xenopus oocytes has contributed to our understanding of the post-
transcriptional regulation of protein synthesis. All available evidence 
indicates that not the concentration of mRNA itself, but other factors 
limit and probably regulate protein synthesis in oocytes. A discussion 
model of the possible compartmentalization of the cellular mRNA pool is 
used to describe the functional characteristics of the regulatory 
factors. One type of experiment providing information about the func­
tional properties of the translational apparatus is to analyze the com­
petition between two or more mRNA species. This requires a method to 
measure simultaneously the rate of translation of several mRNA species. 
In section III-2 (Asselbergs, van Venrooij and Bloemendal, 1978a) it is 
demonstrated that by quantitative immunoprecipitation it is possible to 
monitor simultaneously the synthesis of several species of lens crys­
tal lins in oocytes microinjected with calf lens RNAs. The translation 
of rabbit gl obi η mRNA can be assayed by gel electrophoresis of the 
proteins synthesized by the oocyte. These techniques have been used to 
compare separately the translation of globin mRNA with that of one 
purified lens mRNA species, c^-crystallin mRNA, in oocytes. This meth­
odology has also been applied to mRNA competition experiments in oocytes 
(section III-3: Asselbergs, van Venrooij and Bloemendal, 1979) and in 
an mRNA dependent reticulocyte lysate (Asselbergs, Meulenberg, van 
Venrooij and Bloemendal, 1979). The constraints on mRNA translation in 
oocytes are shown to be entirely different from those in vitro. At high 
mRNA concentration certain mRNA species are preferentially translated by 
the cell-free system. This shift in the selectivity of the transla­
tional apparatus in response to an increased concentration of particular 
mRNA species is only compatible with a model in which different factors 
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limit mRNA translation of different (groups) of mRNA species in vitro. 
In oocytes at high mRNA concentration, no shift in the selectivity for 
the injected mRNA, is observed although at all concentrations some 
injected mRNA species are translated with higher efficiency than other. 
Messenger RNAs already being translated, such as the oocyte endogenous 
mRNAs, are less sensitive to competitive inhibition by injected mRNAs. 
As the injected mRNAs gradually become incorporated in the transiational 
machinery of the oocyte, they acquire the same status in respect to 
competitive inhibition as the oocyte endogenous mRNAs (section III-3: 
Asselbergs, van Venrooij and Bloemendal, 1979). Attempts to inhibit 
translation of mRNA in oocytes in a competitive manner using only a 
small part of the mRNA molecule (cap-analogues are equivalent to the 5' 
end of eukaryotic mRNA) failed for unknown reasons (section III-4: 
Asselbergs, Peters, van Venrooij, and Bloemendal, 1978a), although 
strong inhibition was observed in the reticulocyte lysate (Asselbergs, 
Peters, van Venrooij and Bloemendal, 1978 b,c,d). 
Part of the popularity of the Xenopus oocyte for the translation of 
all kinds of mRNA is related to its capacity to modify many of the newly 
synthesized polypeptide chains after translation just as the cell from 
which the mRNA originated. The different types of post-synthetic 
modification in oocytes, microinjected with heterologous mRNA, are re-
viewed in section IV-1. One particularly interesting type of post-
synthetic 'modification' is the assembly of two or more polypeptide 
chains into multimeric proteins. The a-crystallin molecule is an 
example of such a multimeric protein, being composed of about 40 
aA- and ctB- subunits. Correct assembly of a-crystallin is observed in 
oocytes, microinjected with lens mRNA, as is demonstrated in 
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section IV-2 (Asselbergs, Koopmans, van Venrooij and Bloemendal, 1978). 
Such an assembly does not oocur in a cell-free system probably because 
the concentration of newly synthesized α-crystal lin subunits synthesized 
in vitro is not high enough. 
The last section of this thesis is devoted to the translation of 
viral RNA in oocytes. Apart from the translation of viral RNA and its 
regulation, the post-synthetic modification of viral translation pro­
ducts and the possible role therein of viral gene expression (also 
discussed in section IV-1), this chapter covers a feature so far ex­
clusively found in RNAs of viral origin. Some viral RNAs contain the 
genetic information for multiple translation products. However, when 
these RNAs are translated only the one encoded by the 5' part of the 
molecule is synthesized. The information which is silent in the large 
RNAs is expressed in shorter RNA molecules, subgenomi с mRNAs, which 
differ from the viral (genomic) RNAs in that a part of the large RNA is 
missing in the shorter type. Presumably, subgenomic mRNAs are generated 
by scission or 'splicing' (i.e. removal of an internal piece) of a large 
precursor RNA of the size of the genomic RNA. After an introduction 
(section V-l), it is shown that micro-injected genomic RNAs of two 
oncogenic RNA viruses, avian myeloblastosis virus (section V-2: Salden, 
Asselbergs and Bloemendal, 1976) and Rauscher murine leukemia virus 
(section V-3: Asselbergs, Salden and Bloemendal, 1979), are translated 
in oocytes as such. No translation products of subgenomic mRNAs could 
be detected. 
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CHAPTER II 
USING THE LIVING CELL AS TEST-TUBE 
Much of the success of molecular biology has stemrned from the 
development of methods for purifying macromolecules and from studying 
their behavior in vitro. However a persistent question in the inter-
pretation of such experiments is whether results obtained under in vitro 
conditions can be extrapolated in order to understand in vivo phenomena. 
If purified macromolecules are smuggled into the subcellular machinery, 
one may circumvent this problem. This approach has, for example, been 
used with success in studying the translation of messenger RNAs (chap-
ters III and IV). Not only is the 'contraband' mRNA readily accepted by 
the cellular ribosomes, but the resulting translation product is cor-
rectly processed by the cellular machinery for post-synthetic modifi-
cation of polypeptides (chapters IV and V). This introduction deals 
primarily with the technical problems and possibilities of one type of 
such experiments, namely the injection of nucleic acids into amphibian 
eggs and oocytes. 
How to introduce a macromolecule into a living cell? 
One of the easiest ways of following the pathway of one particular 
type of macromolecule inside a living cell is to infect the cell with a 
virus. The outer layer of the coat of the virus will attach to the cell 
nembrane, whereupon the content of the viral coat, the nucleic acid plus 
some viral proteins, is efficiently taken up by the cell. Penetration 
of infectious nucleic acids without the help of the viral coat proteins 
is possible. However, it occurs with an efficiency several orders of 
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magnitude lower. Unfortunately most viruses change the metabolism of 
macromolecules of the cell itself and are thus not ideal tracer mol-
ecules, which should participate in, but not alter the cellular machinery. 
Spontaneous uptake of DNA-fragments followed by transformation 
(Avery, MacLeod and McCarthy, 1944) has also been observed in eukaryotic 
cells, for example with isolated thymidine kinase genes (Wigler, Pel-
licer, Silverstein and Axel, 1978). However successful with DNA, this 
approach is hard to use with non-replicative macromolecules such as RNAs 
and proteins. Limited success has only been obtained by introducing 
messenger RNAs in the lumen of the (oestrous) mouse uterus. Apparently 
some cells of the uterine wall take up the mRNA (coding for chicken 
avidin (Tuohimaa and Soederling, 1976) or for albumin of various species 
(Yang and Niu, 1977) and translate it correctly. Although this kind of 
experiment allows some qualitative conclusions, it is a major disadvan-
tage that the uptake of nucleic acids (or other macromolecules) cannot 
be quantified. 
Recently a new and very promising method of introducing large 
quantities of macromolecules into tissue culture cells has been devel-
oped as a 'spin off' from cell fusion experiments. It is referred to as 
'ultramicroinjection' (Loyter, Zakai and Kulka, 1975) or 'chemically 
facilitated injection' (Kriegler and Livingston, 1977). This method 
consists in enclosing the macromolecules in erythrocyte ghosts, which 
are then fused with the target cell with the help of inactivated Sendai 
virus (Loyter et al., 1975) or polyethylene glycol (Kriegler and Living-
ston, 1977). Enclosing the macromolecules to be injected into liposomes 
(Dimitriados, 1978; Ostro, Giacomo, Lavelle, Paxton and Dray, 1978) may 
represent another improvement since then no fusogenic substance is 
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needed. It is possible, that this method may be developed further into 
a tool for quantitative experiments. However, as yet it is not very 
efficient. One author reported that only 0.2% of the starting material 
was actually transferred into the tissue culture cells (Loyter et al., 
1975). At the present moment, therefore, the most reliable way of 
introducing informational macromolecules into living cells is micro­
injection. 
Why use amphibian eggs and oocytes? 
The choice of recipient cell depends of course on the type of 
experiments one has in mind. In our case the cell of choice should 
allow the injection of quantifiable amounts of messenger RNA and it 
should synthesize enough of the translation product to allow direct 
(quantitative) biochemical analysis. Technically it is now possible to 
detect translation of messenger RNAs injected into tissue culture cells 
(Graessmann and Graessmann, 1971, 1976; Stacey and Allfrey, 1976; Stacey, 
Allfrey and Hanafusa, 1977). However, because of the small size of such 
cells (10 - 20 μπι ), it is as yet difficult to control the injection 
volume with sufficient accuracy. Also a major limitation is that 
translation products cannot be quantitated using standard biochemical 
procedures, but that instead assays which work at the single cell level 
e.g. immunofluorescence or indirect methods, such as looking for virus 
yield, must be used. These restrictions can be circumvented by using 
larger cell types, such as protozoal cells (100 μπι ) (Knowles, Lipps and 
Nook, 1978), (fragments of) giant algae cells (up to 4 cm long) (Cairns, 
Gschwender, Primke, Yamakawa, Traub and Schweiger, 1978) or amphibian 
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eggs and oocytes (1-2 mm ). Especially the eggs and oocytes of the 
South African clawed frog, Xenopus laevis, have frequently been used 
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fig. 1: Oocyte morphology 
J[A) Part (about 10%) of a Xenopus ovary, showing the lobal structure of 
the organ. (B) as (E), but at higher magnification. (C) Surface view 
of the ovary with previ tel logeni с oocytes (with the nucleus visible 
inside it), oocytes at various stages of vitellogenesis and blood ves­
sels in the theca (layer of connective tissue which surrounds the oo­
cytes). (D) Cross-section of stage V oocyte (at the end of vitello­
genesis), showing oocyte nucleus (germinal vesicle) and yolk granules. 
Oocytes were fixed in 4% formaldehyde and stained with haematoxyline/eosin. 
(E) Cross-section, which is oriented in such a way, that the animal 
pole is at the top just above the nucleus, in which several nucleoli can 
be seen. Arrows indicate the pigment layer of the animal hemisphere of 
the oocyte. 
in microinjection studies, since oogenesis and early embryological 
development in this species have been characterized in great detail. 
The Xenopus ovary and the ovarian follicle 
The ovary is a thin sac-like multilobed organ (fig. ΙΑ), covered at 
the inner and the outer side with a squamous epithelium. The oocytes 
develope in the connective tissue stroma between the two epithel ia. The 
large oocytes bulge out towards the inner side of the ovary. The surface 
of the ovary at the side of the body cavity is smooth. Directly under 
the surface large bloodvessels can be seen (fig. 1С). An excellent 
description of the Xenopus ovary with the developing oocytes and their 
investing follicular tissues was recently published by Dumont and Brummet 
(1978). We will, therefore, restrict ourselves to those features impor­
tant for the in vitro culture of oocytes. 
Subsequent to stage I (below) the oocyte is surrounded by the 
acellular vitelline envelope (a), peripheral to which lies a single • 
layer of follicle cells (b), itself encased in a connective tissue 
layer, the theca (c), which is vascularized except at the ovulation 
site. From this point, the mature oocyte will be released from the 
surrounding follicle into the body cavity. Since the large oocytes 
protrude from the inner side of the ovarian wall, most of the theca of 
the oocyte is covered by the inner ovarian epithelium (d). Thus, four 
layers (a-d) may surround the oocytes when they are manually removed 
from the ovary. Extending from the margins and the basal surface of the 
follicle cells are long processes, called macrovilli, which penetrate 
the vitelline envelope and contact the developing oocyte making special­
ized cell junctions. The layer of follicle cells around the oocyte is 
not entirely contiguous. The oocyte also appears to be linked directly 
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to the bloodvessels in the theca via a system of channels. It may be 
that these intimate contacts of the oocyte with the surrounding tissue 
are also important under in vitro conditions, since manually defol-
liculated oocytes are less suitable for long term culture especially in 
non-nutrient media (J. Ghysdael, personal communication). Xenopus 
oocytes are reported to be grouped in clusters of 16 oocytes, which 
develope synchronously (Coggins, 1973). Perhaps this is the reason why 
for long term culture clumps of oocytes are sometimes preferred over 
single oocytes. 
Stages of oogenesis in Xenopus laevis 
During oogenesis the growing oocyte gradually acquires all the 
materials needed to sustain the growth and development of the future 
embryo (table 1) (Davidson, 1976; Dumont, 1972). In Xenopus oogenesis 
is a continuous, asynchronous process and oocytes in all stages of 
development are present in the ovary at all times during adult life 
(fig. 1С) [The only exceptions being females recently induced to lay 
eggs (by the administration of hormone (Dumont, 1972) or, indirectly, by 
environmental factors in their natural habitat) and, in our experience, 
animals, that recently have suffered unfavorable aquarium conditions. 
The large oocytes then become atretic and are resorbed by the animal. 
In such frogs only small immature oocytes are found.] Dumont (1972) has 
divided oogenesis in Xenopus into six stages, each with a characteristic 
morphology (table 1). Accumulation of the various components of the 
subcellular machinery for later use in the embryo occurs at different 
stages of development of the oocyte. For example, the accumulation of 
5S ribosomal RNA and tRNA (Denis, 1977), as well as accumulation of a 
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Table 1 STAGES OF OOGENESIS IN XENOPUS LAEVIS (DAUDIN) 
STAGE 1) 
II 
SIZE 
(ntn) 
50 
to 
300 
300 
to 
450 
III 
IV 
V 
VI 
450 
to 
600 
600 
to 
1000 
1000 
to 
1200 
1200 
to 
1300 
maturation 
MORPHOLOGY 
transparent cytoplasm 
nucleus clearly visible 
cytoplasm translucent 
early, white and opaque 
later 
pigment forms, light 
brown early, uniform 
blackish-brown later 
animal and vegetal 
hemispheres become 
differentiated 
hemispheres clearly 
delineated, animal 
hemisphere appears 
light brown 
unpigmented equatorial 
band, animal pole 
becomes blackish-brown 
again 
release from the follicle, 
formation of the jelly 
coat, oocyte becomes an 
egg. 
1) according to Dumont (1972). 
BIOCHEMICAL CHARACTERISTICS 
previtellogenic, beginning of 
amplification of rDNA, maximal 
synthesis and accumulation of 
5S rRNA and tRNA (Denis, 1977) 
and mRNAs with long poly(A) seg-
ments (Rosbash and Ford, 1974; 
Cabada et. al., 1977). 
early vitellogenic, small yolk 
platelets appear in the periphery 
beginning of the accumulation of 
18S and 28S rRNA (appearance of 
the lampbrush chromosomes), ac-
cumulation of mitochondrial DNA 
(Webb and Smith, 1977). Start 
of accumulation of mRNAs with 
short poly(A) segments (Cabada 
et. al., 1977). 
mid-vitellogenic, yolk platelets 
become larger but not yet crystal-
line, maximal accumulation of 18S 
and 28S rRNA (maximal extension 
of the lampbrush chromosomes) 
mid-vitellogenic, maximal vi tello-
genesis. Lampbrush chromosomes 
start of condense, end of accumu-
lation of mitochondrial DNA. 
late vitellogenic, yolk accumula-
decreases, nucleus becomes dis-
placed towards the animal pole. 
post-vitellogenic, polarization 
of large crystalline yolk plate-
lets in the vegetal hemisphere. 
End of accumulation of mRNA with 
short poly(A). (Cabada et.a!..1977) 
disappearance of the nuclear 
membrane (= germinal vesicle 
breakdown), begin of meiosis, ac-
tivation of the apparatus for 
DNA synthesis. 
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population of messenger RNAs with long poly(A) segments (Rosbash and 
Ford, 1974; Cabada, Darnbrough, Ford and Turner, 1977) preceeds the 
accumulation of the 18 and 28S ribosomal RNAs (Davidson, 1976). About 
half of the oocyte 5S rRNA, which is slightly different in sequence from 
somatic 5S rRNA (Denis, 1977) is initially stored together with tRNA and 
some (non-ribosomal) proteins in the form of 42S particles. Recently it 
was found that the other half of the 5S RNA is stockpiled in 7S parti-
cles together with a 45,000-dalton protein. (Picard and Wegnez, 1979). 
Assembly of 5S rRNA into ribosomes awaits embryogenesis. Similarly, 
there is a lag-period between the amplification of the genes encoding 
the 18 and 28S ribosomal RNAs and their transcription (Davidson, 1976), 
an event which takes place in the many nucleoli of the germinal vesicle 
as the oocyte nucleus is called, (fig. 1 B,E). The most conspicuous 
process during oogenesis, however, is vitellogenesis, the deposition of 
large amounts of yolk in the oocyte. The two yolk proteins, lipovit-
ellin (three polypeptide chains of 105, 35 and 32 kDalton (Ohlendorf, 
1977)) and Phosvitin (17-19 kDalton), are synthesized in the liver as a 
precursor polypeptide, vitellogenin (Tata, 1976). This precursor 
circulates in the blood as a serum protein and is taken up by the oocytes 
by pinocytosis (Jared and Wallace, 1969). In the oocyte vitellogenin is 
cleaved and the lipovitellin and Phosvitin are assembled to form the 
crystal lin yolk platelets (Ohlendorf, Wrenn and Banaszak, 1977) (fig. 
ID). Finally, in stage VI, the accumulation of the materials required 
for embryonic development is completed and these oocytes may, in re-
sponse to pituitary hormones undergo maturation and thus become eggs. 
Are stage VI oocytes dormant cells? 
White-banded oocytes (stage VI) are the type of oocytes most 
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frequently used in microinjection experiments. In this stage most 
morphological signs of activity have disappeared and for some time these 
oocytes were considered to be 'dormant'. For example a decrease of 
RNA synthesis was reported to occur in these oocytes (Brown and Littna, 
1964; Brown, 1966) and an inhibitor of rRNA synthesis was reported 
to be present at this stage (Grippa et. al., 1972). However, more 
accurate measurements revealed, that stage VI oocytes are making as much 
RNA as stage IV oocytes. In both stages the main products are 18 and 
28 S rRNA (LaMarca, Smith and Strobel, 1973; Dinauer and LaMarca, 1976). 
In fact, there appears to be a considerable turnover, about 1-2% per 
day, of the ribosomal RNA in stage VI oocytes (Leonard and LaMarca, 
1975). Since oocytes at this stage contain about as much ribosomes as 
are present in the 30,000 cells of the swimming tadpole (Brown and 
Gurdon, 1964), a 1% turnover implies the synthesis of as many ribosomes 
as are present in 300 somatic cells. Coordinately with the ribosomal 
RNA, ribosomal proteins are synthesized and, since this represents only 
about 10% of the total proteins synthesized (Hallberg and Smith, 1975), 
it appears that stage VI oocytes are equally active in the synthesis of 
other cell components. In the interpretation of experiments with stage 
VI oocytes one should, therefore, consider, that although compared to 
their size and their ribosome content these giant cells are not very 
active, they are certainly not dormant cells. 
Microinjection of oocytes 
Like many other cell types, oocytes will tolerate the injection of 
fluid up to about 10% of their cell volume, i.e. up to 100 nl. Micro-
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injection may be performed with the apparatus shown in fig. 2. Quant-
itative amounts of fluid can be delivered from the syringe, which is 
directly connected to a glass micropipette. This direct connection has 
the advantage over a set up in which syringe and micropipette are con-
nected with flexible tubing, in that no delay in the delivery of the 
quantity of fluid due to the expansion and contraction of the tube wall, 
is observed. Syringe and micropipette should, however, be free of air 
bubbles, otherwise this advantage is lost. The micropipettes are made 
from 9 pi Drummond microcaps (calibrated glass capillaries) with a 
microelectrode puller (model PN-3W, Narishige Scientific Inst. Labs., 
Tokyo, Japan). They have a tip diameter of 10-20 ym. Since the injec-
tion needle will penetrate the oocyte about 0.5mm, the diameter immed-
iately after the tip should not be much wider (fig. 2D). It is not 
necessary to sharpen the tip further on a microforge (Gurdon, 1974). 
The sample may be sucked in through the needle tip, provided it is not 
too viscous and that it does not contain dust particles, which can block 
the narrow passage in the needle. The fluid in the syringe (water) and 
the sample are separated with a drop of petroleumether or another water 
repellent fluid to prevent sample dilution. The micropipette can con-
tain sufficient sample for 50-100 injections. Messenger RNAs and whole 
polyribosomes may be suspended either in distilled water or in Gurdon's 
injection solution (15 mM Tris/HCl pH 7.6 containing 88 mM NaCl and 15 
mM KCl, réf. Gurdon, Lane, Woodland and Marbaix, 1971.) DNA is better 
dissolved in the latter injection solution. 
Incubation and labeling of oocytes 
A variety of media, ranging from simple salt solutions to complex 
nutritient media, have been used in culturing amphibian oocytes 
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Fig. 2. Oocyte microinjection apparatus: 
(a) Overview. On the left the binocular microscope (Leitz) with a 
petridish containing the oocytes. On the right side the micromanip­
ulator (Brinkmann MP IV), which holds the injection syringe, (b) The 
microinjection syringe (Unimetrix, 10 μΐ) is driven by a micrometer head 
(Agla MSO 6) and is attached to a glass micropipette. (c) Close-up of 
the injection needle during the injection. The oocytes are held in 
place in the petridish by a perspex disc with tiny holes (diameter 1.2 
mm) in it. Oocytes are injected in the culture fluid, (d) Close-up of 
the injection micropipette, which consists of a glass capillary which 
narrows down to 10-20 μΓη at the tip. (e) The microinjection syringe 
taken apart. The glass micropipette is locked onto the syringe through 
a plastic cylinder to which an o-ring fits at each side. When the metal 
cap is screwed onto the syringe, the compressed o-rings effectively 
prevent all leakage, (f) Oocyte culture vessels. 
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(Barth and Barth, 1959; Auclair, 1961; Wolf and Quimby, 1964; Balls and 
Ruben, 1966; Merriam, 1966; Dettlaff, 1966; Gurdon, 1968; Jared and 
Wallace, 1969; Thomas, 1970; Gurdon and Laskey, 1970 a and b; Wallace, 
Jared, Dumont and Sega, 1973; Nakahashi and Yamana, 1974; Epping and 
Dumont 1976; Eppig and Steckman, 1976; Hall berg and Smith, 1976; Hanocq-
Quertier, Baltus and Brächet, 1976; Colman, 1975; Bravo and Allende, 
1976; Ford and Gurdon, 1977; Laskey, Mills, Gurdon and Partington, 1977; 
Cavalieri, Havell, Vilchek and Pestka, 1977; Wallace and Misulovin, 
1978). In general, it should be kept in mind, that the optimal pH for 
oocytes is rather alkaline, pH = 7.6 - 8.5 (Bravo and Allende, 1976), 
and that the osmolarity of media for the culture of amphibian cells 
should be about 30% lower than for mammalian cells (Balls and Ruben, 
1966). In our studies, Barth's medium (Barth and Barth, 1959), modified 
according to Gurdon (Gurdon, 1968), has always been used (table 2), but 
an apparently improved version of this medium, now including also phos-
phate salts and using HEPES (N-Z-hydroxyethylpiperazine-N'-Z-ethane-
sulfonic acid) as a buffer, was recently introduced (Laskey et. al., 
1977). Nutrì ti ent media present little advantage over buffered salt 
solutions, and then only during long term culture of defolliculated 
oocytes (Eppig and Dumont, 1976; Wallace and Misulovin, 1978), since 
oocytes are already supplied with amino acids from the yolk (Bravo, 
Salazar and Allende, 1976). In nutritient media bacterial infection is 
often a problem. Oocytes are easily cultured in small glass vessels 
(fig. 2F). The optimal temperature both for endogenous protein syn-
thesis (Bravo and Allende, 1976) and for translation of exogenous 
(interferon) mRNA was found to be about 20oC (Cavalieri et. al., 1977). 
In protein labeling studies, the radioactive amino acid is best 
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Table 2: MODIFIED EARTH'S MEDIUM 
(Gurdon, J.В., 1968, J. Embryol. Exp. Morph. 20, 401) 
Solution A: 
NaCl 
KCl 
Са(М0з)2.4Н20 
СаС12.2Н20 
Мд50
д
.7Н90 
880 
10 
3.3 
4.1 
8.2 
mM 
тМ 
тМ 
тМ 
тМ 
51.42 д/1 
745.6 тд/1 
779.3 тд/1 
619.3 тд/1 
2.02 д/1 
Solution В: 
NaHC03 24 тМ 2.02 д/1 
Tris 20 тМ 1.2 д/1 
HCL add until 1 part A plus 8 parts distilled 
water plus 1 part В have a pH of 7.6 
Stock solutions A and В are sterilized by filtration through a 0.2 μΐπ 
cellulose nitrate filter (Schleicher and Schuell, type BA 83) and stored 
at 40C. The medium is made up by mixing: 
1 part solution A, 8 parts distilled water and 
1 part solution В (in this order). 
Penicillin and streptomycin are added at final concentrations of 
10 mg/1. 
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dissolved in the medium at 0.25-1.0 mCi/ml, since microinjected amino 
acids are quickly lost into the medium (Gurdon, et. al., 1971). In RNA 
labeling studies uridine or guanosine may be dissolved into the medium. 
Labeling with guanosine (stage VI oocytes do not synthesize DNA) is 
generally better than with uridine (Colman, 1974). Nucleoside tri-
phosphates have to be injected into the cell, but fortunately they do 
not leak out (Dinauer and LaMarca, 1976., Anderson and Smith, 1977). 
Microinjection of Xenopus eggs 
In practical terms the main difference between oocytes and eggs, is 
the jelly layer which surrounds the egg. If it is removed (Froehlich, 
Bowder and Schultz, 1977), eggs may be injected and labeled just like 
oocytes. Alternatively the jelly layer may be made penetrable for the 
injection needle by UV irradiation (Gurdon, 1960; Gurdon et. al. 1971). 
In the latter case radioactive precursors must be injected into the 
eggs, since the uptake of substances from the medium is very poor. It 
is fortunate that leakage from such eggs is also much lower than from 
oocytes (Gurdon, 1971). Eggs have two advantages over oocytes. First, 
if the eggs are fertilized, the fate of the injected material may be 
followed during development of the embryo. Second, in contrast to 
oocytes, DNA microinjected into eggs is very efficiently replicated 
(Gurdon, Birnstiel and Speight, 1969). Presumably oocytes fail to do 
so, because they do not contain the necessary deoxynucleosides (Woodland 
and Pestell, 1972). Unfortunately, unfertilized eggs retain their 
metabolic activity only for a few hours (Gurdon, et. al., 1971; Mertz 
and Gurdon, 1977). 
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Analysis of the proteins synthesized in oocytes 
Analysis of the proteins made by oocytes (or eggs) is complicated 
by the presence of the enormous amount of yolk protein and by the fat 
content of the oocyte. The fat may simply be removed by centrifugation 
or by ether extraction. The yolk platelets can be centri fuged down from 
the homogenate. The presence of some salt in the homogenization buffer 
reduces the loss of specific proteins in the yolk pellet (DeRobertis, 
Partington, Longthorne and Gurdon, 1977), however, in our experience a 
considerable (non-specific) loss of labeled protein still occurs. The 
supernatant proteins may then be analyzed, for example, by high resol-
ution two-dimensional gel electrophoresis (DeRobertis et. al., 1977). 
When an immunoprecipitation method is to be used, the yolk protein may 
be dissolved by homogenizing the oocytes in a detergent containing 
buffer (Asselbergs, van Venrooij and Bloemendal, 1978), affording con-
siderably better yield of radioactive protein. 
Microinjection into the oocyte nucleus 
A new and interesting development in molecular biology is, that 
purified genes are transcribed when microinjected in eggs or oocytes 
(Colman, 1975; Mertz and Gurdon, 1977; Kressmann, Clarkson, Telford and 
Birnstiel, 1977, 1978; Kressmann, Clarkson, Frotta and Birnstiel, 1978; 
DeRobertis and Mertz, 1977; Brown and Gurdon, 1978; Gurdon, 1978; 
Rungger and Tuerler, 1978; Trendelenburg and Gurdon, 1978; DeRobertis 
and Olson, 1979). It has even been shown, that some of the transcribed 
sequences are processed to mature mRNAs which subsequently is translated 
(DeRobertis and Mertz, 1977; Kressmann et. al., 1977; Rungger and 
Tuerler, 1978). In these experiments it was found to be essential to 
inject the DNA into the nucleus. DNA injected into the cytoplasm is 
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Fig. 3: Microinjection in the oocyte nucleus 
(A) Oocytes in petridish on a plastic gauze used to keep them in posi-
tion during centrifugation. (B) Oocytes immediately after centrifuga-
tion. The lighter area in the black hemisphere of the oocyte indicates 
the position of the nucleus. (C) Cross-section of centrifugated oo-
cyte. The nucleus has been pushed upwards against the pigment layer of 
the animal hemisphere, while the yolk platelets, because of their higher 
density, have been centrifuged down to the vegetal pole. The disruption 
of the nucleus is probably a fixation artifact. 
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not transcribed (Mertz and Gurdon, 1977; Kressmann et. al., 1978a), but 
degraded (Wyllie, Gurdon and Price, 1977; Wyllie, Laskey, Finch and 
Gurdon, 1978). The DNA injected into the nucleus is converted into 
chromatin (Wyllie et. al., 1978), in which form it is apparently pro-
tected from degradation. In this respect it should be mentioned that 
oocytes are unique in that they contain a large pool of free histones 
(Woodland and Adamson, 1977). Transcription of the following micro-
injected DNAs has been demonstrated so far: Simian Virus 40 DNA, Adeno-
virus DNA, cloned Drosophila histone DNA (Mertz and Gurdon, 1977), 
cloned sea urchin histon DNA and cloned Xenopus tDNA. e (Kressmann et. 
al., 1977), cloned Xenopus 5 S rDNA (Brown and Gurdon, 1978) and Xenopus 
(18 + 28 S) rDNA (Wyllie et. al., 1978; Trendelenburg and Gurdon, 1978), 
all eukaryotic, plus the following genes of prokaryotic origin: 08Oplac, 
0X174RF and ColEl plasmid DNA (Mertz and Gurdon, 1977). Transcription 
by RNA polymerases I (18 and 28 S rRNA) and III (5 S rRNA and tRNA) was 
shown to occur on the correct DNA strand and to yield the correct pro-
ducts. The data on the fidelity of transcription by RNA polymerase II 
(messenger RNA) and subsequent processing of the transcripts are at the 
moment inconclusive. Some of the products were apparently processed 
correctly, since the correct translation products were detected after 
injection of Simian Virus 40 DNA (Mertz and Gurdon, 1977, Rungger and 
Tuerler, 1978) Drosophila histon DNA (Mertz and Gurdon, 1977) and Adeno-
virus DNA (Asselbergs et. al., unpublished). However, it was also 
reported that most of the transcription products of sea urchin histon 
DNA were either larger or smaller than mature histone mRNA (Kressmann 
et. al., 1978). In addition a large amount of RNA seemed to be trans-
cribed from the non-coding DNA strand. In all cases the yield of 
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translation products was much lower than expected, if all transcripts 
were also translated. 
Technically, the major problem encountered in nucleus injection 
experiments is that of locating the nucleus in the opaque oocyte. One 
approach was made by Gurdon (1976), who demonstrated that the relatively 
large germinal vesicle (diameter about 0.1 mm., fig. IB) can be found by 
piercing the animal pole of the oocyte, while aiming the needle at the 
center of the oocyte and squeezing both sides of the oocyte with a pair 
of forceps. An alternative, much easier procedure, was developed by 
Kressmann et. al., (1977). When Xenopus oocytes are centrifuged gently 
(10 min, 600-1000 χ g, 180C) the oocyte nucleus floats towards the 
surface of the cell. In doing so, they displace pigment granules 
causing a lighter spot to appear on the oocyte surface (fig. 3 B) which 
frequently is surrounded by a darker ring. The ring remains visible for 
about an hour. Before centrifugation oocytes are placed on a plastic 
grid (mesh size 0.8 mm) which is fixed (with chloroform) to the bottom 
of a plastic petri dish (fig. ЗА). The oocytes are turned manually so 
that the animal pole (the dark hemisphere) is facing upwards. For each 
batch of oocytes the optimal centrifugation speed is different and in 
general lower speeds are necessary, if the oocytes have been cultured 
in vitro for longer periods. During centrifugation the oocytes become 
fixed in the grid (fig. 3B). The oocytes may be injected while in the 
grid or they may be taken out before injection. The needle is now aimed 
at the center of the light spot, while care is taken not to insert the 
needle too deeply into the oocyte. About 20 nl can be injected. Fur­
ther culture and labeling of the oocytes is performed as described 
above. 
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CHAPTER III 
MICRO-INJECTION OF MESSENGER RNA INTO AMPHIBIAN OOCYTES: 
REGULATION OF MESSENGER RNA TRANSLATION 
1 Micro-injection of messenger RNA into amphibian oocytes as probe 
for the post-transcriptional control of protein synthesis 
2 Synthesis of lens crystallins in Xenopus oocytes as determined 
by quantitative immunoprecipitation 
3 Messenger RNA competition in living Xenopus oocytes 
4 Cap-analogues do not inhibit mRNA translation in Xenopus oocytes 
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III - 1 
MICRO-INJECTION OF MESSENGER RNA INTO AMPHIBIAN OOCYTES AS PROBE 
FOR THE POST-TRANSCRIPTIONAL CONTROL OF PROTEIN SYNTHESIS 
Specificity of translation inside living cells 
Efficiency of translation of micro-injected mRNAs 
What factors limit protein synthesis in oocytes? 
Size of polyribosomes translating injected globin mRNA 
Compartmentation of the mRNA pool in oocytes 
Two models for the regulation of protein synthesis in oocytes 
Is feed-back regulation operative in protein synthesis? 
Influence of hemin on globin synthesis in oocytes 
Control of translation of globin mRNA in embryonic cells 
Stability of injected mRNAs in oocytes 
Role of the poly(A) sequence in the stability of mRNA in oocytes 
Concluding remarks 
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III-l MICRO-INJECTION OF MESSENGER RNA INTO LIVING AMPHIBIAN OOCYTES 
AS PROBE FOR THE POST-TRANSCRIPTIONAL CONTROL OF PROTEIN SYNTHESIS 
Eukaryotic mRNAs generally have longer half-lives as their pro-
karyotic counterparts. Hence, changes of the rate of mRNA synthesis 
have only effect on protein synthesis after prolonged periods of time. 
The cell type which is the main subject of the present review, the 
amphibian oocyte, is a particularly good example of this phenomenon. If 
transcription is blocked in these cells (for example by enucleation or 
with antibiotics), neither the rate of protein synthesis nor the spec-
ificity seem to be affected. In these cells protein synthesis is appar-
ently subject to some form of cytoplasmic control. Post-transcriptional 
and transiational control of protein synthesis, primarily as revealed 
from work with cell-free extracts, has been the subject of two recent 
reviews (Lodish, 1976, Revel and Groner, 1978). In this article emphasis 
is given to those features of post-transcriptional control of protein 
synthesis which have been discovered by means of micro-injection of mRNA 
into living cells. 
Specificity of translation inside living cells 
Micro-injection into amphibian eggs and oocytes has been used as an 
assay method for a wide variety of mRNAs (previous reviews: Gurdon, 
1974; Lane and Knowland, 1975). Fidelity of translation of heterologous 
mRNAs has been demonstrated repeatedly with peptide maps (May and Glenn, 
1974; Mach, Faust, Vassal i and Rungger, 1973; Marbaix and Lane, 1972; 
Lane and Knowland, 1975) and partial amino acid sequences (Kindas-Mugge, 
Lane and Kreil, 1974) of the translation products. A list of the mRNAs 
translated in amphibian eggs and oocytes, as complete as the knowledge 
of the author allows, is given at the end of this article (tables 3 
and 4). It appears, that the translational machinery of these cells is 
compatible with cytoplasmic mRNAs (table 3) and virus specific RNAs 
(table 4) from many tissues of either plant or animal origin. Absolute 
specificity for certain types of eukaryotic mRNA is also not generated 
during embryonic development since globin mRNA, micro-injected into 
fertilized Xenopus eggs, continues to be translated in the descendants, 
even when they have differentiated into muscle or nerve cells (Woodland, 
Gurdon and Lingrel, 1974). In a few cases heterologous messenger RNA 
has been transferred directly into adult cells. For example, melanin 
synthesis has been reported to occur in muscle cells injected with the 
RNA from Harding Passey melanoma cells (Graessmann and Graessmann, 1971) 
and chicken globin synthesis has been demonstrated in HeLa cells micro-
injected with purified mRNA (Stacey and Allfrey, 1976). Heterologous 
mRNA such as coding for chicken avidin (Tuohimaa and Soederling, 1976) 
or for serum albumin of various species (Yang and Niu, 1977), were 
absorbed from the lumen of the mouse uterus and subsequently become 
translated by the cells of the uterine wall. Finally, rabbit globin 
mRNA can be encapsulated in liposomes and in this form has been intro-
duced and translated in cultured human lymphocytes (Dimitriados, 1978) 
and human epithelial carcinoma cells (Ostro, Giacomo, Lavelle, Paxton 
and Dray, 1978). Animal virus RNA has even been translated in living 
plant cells (Cairns, Gschwender, Primke, Yamakawa, Traub and Schweiger, 
1978). The discrimination between cytoplasmic mRNA species from dif-
ferent cell types, which has been observed in some cell-free systems 
(Lodish, 1976; Revel and Groner, 1978), is apparently not paralleled 
in vivo. 
Prokaryotic messenger RNAs may be translated correctly by eukary-
otic (80 S) ribosomes in cell-free systems, albeit with very low 
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efficiency (Herrlich and Schweiger, 1978). In Xenopus oocytes the 
efficiency of translation of prokaryotic f2 bacteriophage RNA must also 
be extremely low, since no translation product at all could be detected 
(Gurdon, Lane, Woodland and Marbaix, 1971). Translation of mitochon­
drial mRNA, which resembles prokaryotic mRNA in many aspects, has been 
claimed (Eggit and Scragg, 1975) and denied (Moorman, Verkley, Assel-
bergs and Grivell, 1977). In both cases immunoprecipitation was used to 
detect the synthesis of polypeptides encoded by the injected mitochondrial 
RNA. In the experiments of Eggit and Scragg (1975) the amount of immuno-
precipitated polypeptides was only increased twofold over the background 
and the precipitated polypeptides were insufficiently characterized. 
Moorman et al (1977) reported the translation in an E.coli cell-free 
system of purified 11 S mitochondrial mRNA into products immunoprecipit-
able with antiserum against subunits 1 and 2 of cytochrome с oxidase. 
However, no translation of this mRNA was observed in eukaryotic cell-
free systems and in oocytes. The evidence, that translation of mitochon­
drial RNA by extra-mitochondrial ribosomes is possible under in vivo 
conditions, is therefore at present debatable. 
Synthetic polyribonucleotides are not translated in oocytes. Homo-
polymers and most types of heteropolymers also do not affect translation 
of other (endogenous or exogenous) mRNAs in oocytes. AUG(ll) strongly 
inhibits all protein synthesis. On the other hand, poly (G,U), poly 
(A,G,U) and poly (A,C,G,U) only inhibit translation of microinjected 
(globin) mRNA, when simultaneously injected, but do not inhibit endog­
enous protein synthesis (Woodland and Ayers, 1974). 
Most eukaryotic mRNAs are synthesized as large nuclear precursor 
RNAs (hnRNA), which are subsequently shortened by the deletion of 
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internal pieces of the polynucleotide chain, a process called splicing 
(review: Crick, 1979). Since frequently, for example in the case of 
globin mRNA (Jeffreys and Flavell, 1977; Kinniburgh, Mertz and Ross, 
1978), an intervening sequence within the coding part is removed from 
the pre-mRNA, it is theoretically impossible to translate this pre-mRNA 
into a normal protein prior to its processing. Nevertheless, several 
reports claim the detection of correct translation products after micro-
injection of purified hnRNA into oocytes (Rollins, and Flickinger, 1972; 
Stevens and Williamson, 1972, 1973 a and b; Williamson, Drewienkiewcz 
and Paul, 1973). In view of the very low content of pre-mRNA in the 
cell nucleus (less than 1% of all globin mRNA-sequences are in pre-mRNA 
(Ross and Knecht, 1978)), this is most likely explained by contamination 
of the HnRNA with mature mRNA (Lane, Gregory, lazumi and Scherrer, 
1973). However, the possibility that oocytes can process mi ero-injected 
pre-mRNA and subsequently translate it, cannot be excluded, since oocytes 
have been shown to "splice" newly made SV40 pre-mRNA after intranuclear 
injection of SV40 DNA (Rungger and Tuerler, 1978). 
Efficiency of translation of micro-injected messenger RNA 
Two procedures may be used to obtain a rough estimate of the number 
of polypeptides synthesized per injected messenger RNA molecule. In 
method A, which is applicable to all translation products of known 
molecular weight, all polypeptides synthesized by the oocyte are uni-
formly labeled using a mixture of radioactive amino acids (Laskey, 
Mills, Gurdon and Partington, 1977). From the % foreign translation 
product and the known synthetic activity of the stage VI oocyte (table 
2), one can calculate the amount of polypeptide synthesized. If not 
only the size, but also the amino acid composition of the translation 
Table 1: EFFICIENCY OF TRANSLATION OF MESSENGER RNA INJECTED IN XENOPUS OOCYTES 
nr. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
encoded 
polypeptide 
rabbit ß-globin 
rabbit ß-globin 
rabbit ß-globin 
rabbit ß-globin 
duck α ß-globin 
calf oA2-crystanin 
calf aA2-crystallin 
calf aA2-crystallin 
chicken ovalbumin 
Rauscher Murine 
leukemia viral RNA 
pmol mRNA 
injected 
0.00721) 
0.0162 
0.01023) 
0.0102 
0.080 
0.00225) 
0.00Π 3) 
0.0015) 
0.0118 
0.00366) 
pmol protein 
synthesized h~ 
0.18 
0.2882) 
0.0972)3) 
0.087 (5.9%)4) 
0.160 
0.047 
0.022 
0.028 (2.5%)4) 
0.129 
0.0068 (2.0%)4) 
polypeptides/ 
mRNA, h 
25 
17.5 
9.6 
8.6 
2.0 
21.5 
20.5 
25.8 
10.9 
1.9 
est: ¡mation reference 
method 
В 
В 
В 
A 
В 
В 
в 
А 
В 
А 
Gurdon, (1973) 
Asselbergs et al (1978d) 
Asselbergs et al.(1978d) 
Asselbergs, unpublished 
Lane et al. (1973) 
Asselbergs et al. (1978d) 
Asselbergs et al. (1978d) 
Assel bergs, unpublished 
Chan et al., (1976) 
Asselbergs et al., (1979c 
1) data have been recalculated, assuming 41% of the polysomal globin mRNA in rabbits is ß-globin mRNA 
2) data recalculated, taking into account, that 66% of the total globin synthesized by oocytes in absence of 
hemin was ß-globin. 
3) 9 S globin mRNA and 14 S aAp-crystallin mRNA were injected together in the same oocytes. 
4) % of total oocyte protein synthesis (assayed with a mixture of amino acids) 
5) values 6 and 8 were obtained in seperate batches of oocytes from the same frog. 
6) R-MuLV 70 S RNA complex consists of two identical 3.5 χ 10 dalton translatable RNA species. 
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product is known, the translational efficiency is more accurately 
measured using method B, in which oocytes are labeled with a single 
amino acid. The amount of foreign translation product synthesized is 
calculated from the radioactivity incorporated into the encoded poly-
peptide and the intracellular specific activity of the radioactive amino 
acid. The latter parameter is calculated from the total amount of the 
amino acid present in the oocytes, measured with an amino acid analyzer, 
and the amount of free radioactive amino acid in the cell (Gurdon et 
al., 1971, Asselbergs, van Venrooij and Bloemendal, 1978f). In such 
calculations it is assumed that the specific activity of the kinetic 
pool is the same as that of the total amino acid pool. Since usually 
long labeling periods are used, this assumption seems generally valid, 
as has been demonstrated in the case of histidine (Lane, Gregory and 
Morel, 1973). The two estimation methods give comparable results in the 
case of aAp-crystallin mRNA (cf. table 1 nrs. 6 and 8). At low concen-
trations of the injected mRNA, synthesis of up to 25 polypeptides/mRNA 
has been observed (table 1). This means that, for example, rabbit p-
globin mRNA is translated with an efficiency only fourfold lower than it 
is in reticulocytes cultured at 20oC (Hunt, Hunter and Munro, 1969) (the 
usual incubation temperature for Xenopus oocytes is 190C). Translation 
of chicken ovalbumin mRNA in oocytes must be as efficient as it is in 
the oviduct, taking into account the effect of the lower incubation tem-
perature (Chan, Kohier and O'Malley, 1976). It should be pointed out, 
that the values of table 1 are lowest estimates, since they are based on 
the assumption that all injected mRNA molecules are translated. Fur-
thermore, at higher mRNA concentration the efficiency of translation 
decreases due to competition between the injected templates (section 
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III-3: Asselbergs, van Venrooij and Bloemendal (1979d); Laskey, Mills, 
Gurdon and Partington (1977)). 
The efficiency of translation of heterologous mRNA in oocytes is 
probably equal or better than the initial efficiency in most cell-free 
systems (Gurdon, Lane, Woodland and Marbaix, 1971). Moreover, trans-
lation proceeds for a much longer period of time, which can result in 
the accumulation in 24 h (in the case of interferon mRNA) of 500 times 
as much of the translation product than synthesized during a typical 
incubation in a cell-free system (Reynolds, Premkumar and Pitha, 1975). 
It is this high yield of translation products which allows detection by 
their enzymatic or other biological activities, for example in the case 
of the flower style incompatibility protein, interferon and ß-glucuroni-
dase (table 3). 
What factors limit protein synthesis in oocytes? 
In amphibian oocytes the remarkable situation exists, that there 
are 50-100 times more ribosomes present in the cell than are actually 
engaged in protein synthesis (table 2). These ribosomes are probably 
capable to carry out protein synthesis since they were active in a 
poly(U) programmed cell-free system (Cox, Ford and Pratt, 1970; van der 
Saag, Vlak and de Greef, 1976). Furthermore, translation of micro-
injected rabbit globin mRNA in cells of the 8-16 cell stage of develop-
ment of Pleurodeles walthii (newt) eggs is not a function of the total 
concentration of ribosomes, since the amount of globin synthesized in 
mRNA injected micromeres is equal to that synthesized in macromeres, 
despite the fact that micromeres contain much more ribosomes (Brächet, 
Huez and Hubert, 1973). 
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TABLE 2: PROTEIN SYNTHETIC APPARATUS OF A FULL-GROWN XENOPUS OOCYTE 
total RNA content 
ribosomal RNA content 
ribosome content 
ribosome content 
% ribosomes as polyribosomes 
(=engaged in protein synthesis) 
poly-A containing mRNA content 
Poly-A containing mRNA content 
% mRNA in polyribosomes 
protein synthesis 
4000 ng (Davidson, 1976) 
3600 ng 
1.67 pmol 
ca. 10 1 2 
1-2% (Woodland, 1974) 
ca. 2 χ 10 1 1 (Cabada et al., 1977) 
0.3 pmol 
< 10% (Roshbash and Ford, 1974) 
19-25 ng h"1 (Davidson, 1976) 
Similarly, oocytes contain much more mRNA than is actually used in 
protein synthesis (table 2). This quiescent mRNA in excess is not 
functionally impaired, when assayed in vitro (Darnborough and Ford, 
1976). Further evidence that in oocytes the availability of mRNA does 
not restrict protein synthesis in oocytes, comes from the observation, 
that injection of extra messenger in oocytes does not increase total 
protein synthesis (Lane et al., 1973; Laskey et al., 1977; Asselbergs et 
al., 1979d) for the limited translational capacity of these cells (see 
note). 
NOTE: In some experiments
л
 in which oocytes were labeled with ( H)-
histidine, microinjection of extra (rabbit globin) mRNA enhanced in­
corporation of radioactive amino acid (Moor, Gurdon, Lane and Marbaix, 
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І97І). On the other hand, if ( S)methionine was used to label oocytes, 
a decrease in incorporation was observed (Laskey et al., 1977). These 
effects have been attributed to the fact, that oocytes injected with 
globin mENA switched from the synthesis of their own proteins to the 
synthesis of a histidine-rich but methionine-poor protein (globin). A 
more balanced assay for the proteins synthesized by oocytes was ob­
tained, if a mixture of radioactive amino acids rather then a single 
labeled amino acid was used to label oocytes (Laskey et al., 1977). 
Thus, the enhanced incorporation of a single labeled amino acid observed 
after injection of other mRM species, notably immunoglobulin light 
chain mENA (Jilka, Cavalieri, Yaffe and Pestka, 1977), ovalbumin тША 
(Chan et al., 1976) and tyrosine amino transferase mRM (Nickol, Lee, 
Hollinger and Kenny, 1976), may not reflect a true enhancement of 
protein synthesis. Enhanced incorporation of ( H)histidine in oocytes 
injected with rabbit globin mRNA was not observed in most of the author's 
experiments (unpublished) and the stimulatory effect may therefore be 
dependent to some extent on the batch of oocytes used. 
Several lines of evidence indicate, that the initiation of protein 
synthesis (the ribosome binding process) is not limiting mRNA trans­
lation in oocytes. Messenger RNAs coding for rabbit a- and e-globin 
differ in their intrinsic rate of ribosome binding both in intact re­
ticulocytes and in many cell-free systems (Lodish, 1971; 1976; McKeehan, 
1974). At high mRNA concentrations, when the two messengers are com­
peting for the limiting initiation capacity of the translation system, 
ß-globin mRNA, having a higher ribosome binding activity, is translated 
in excess over α-globi η mRNA (McKeehan, 1974). However, when 
assayed in Xenopus oocytes in the absence of coinjected hemin, the 
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ratio of the synthesized a- and e-globin remains unchanged, when the 
intracellular messenger RNA concentration is increased (Gurdon, Lingrel 
and Marbaix, 1973; Lane, Gurdon and Woodland, 1974, Lingrel and Wood-
land, 1974). In the presence of coinjected hemin (which enhances a-
globin synthesis in oocytes (below)) the a/ß-globin ratio decreased at 
very high (48 ng mRNA/cell) (Lane et al, 1974) but not at moderate mRNA 
concentrations (up to 20 ng/cell). (Giglioni, Gianni, Comi, Ottolenghi 
and Rungger, 1973). 
Similarly, the messenger RNAs encoding the different calf lens 
crystal lins are thought to have different intrinsic rates of ribosome 
binding, as judged from experiments in reticulocyte cell-free systems 
(Asselbergs, Peters, van Venrooij and Bloemendal, 1978b-e). Also in this 
case, the ratios of the different crystal lins remain unchanged during 
messenger RNA competition experiments in Xenopus oocytes (Asselbergs et 
al., 1979d). The messenger RNAs in oocytes are, therefore, competing for 
a factor with properties different from the (initiation) factors, which 
restrict protein synthesis in many other cell types and in cell-free 
translation systems. A direct indication, that initiation factors are 
not limiting protein synthesis in oocytes, comes from experiments, in 
which initiation factors were injected into oocytes (Marbaix and Gurdon, 
1972). A 0.5 M KCl wash of ribosomes from Xenopus oocytes or rabbit 
reticulocytes did not stimulate the synthesis of oocyte proteins or 
rabbit globin significantly. 
Oocytes contain little transfer RNA as compared to their tremendous 
content of ribosomes, but microinjection of extra tRNA did not enhance 
mRNA translation in oocytes (Gurdon, 1973). An insufficient capacity of 
the oocyte machinery for amino acylation of the available tRNA is 
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also very unlikely, since efficient charging of tRNA still occurred, 
when much more tRNA was injected than the oocyte itself already con-
tained (Gatica, Tarrago, Allende and Allende, 1977). 
The restraint on protein synthesis in oocytes could be overcome, if 
whole reticulocyte polyribosomes rather than naked mRNA was injected 
(Laskey et al., 1977). After injection of polyribosomes total protein 
synthesis had increased and synthesis of endogenous proteins of the 
oocytes had not decreased, indicating, that the messenger RNA contained 
in the injected polyribosomes, did not compete with the endogenous mRNAs 
of the oocyte. Injected in the form of polyribosomes globin mRNA did 
also not compete with co-injected Encephalomyocarditis viral RNA (Laskey 
et al., 1977). Therefore, protein synthesis in oocytes is probably 
limited by some component normally present on polyribosomes. 
Size of polyribosomes translating injected globin mRNA 
The nature of the factors restricting translation of a certain mRNA 
species in a living cell may be revealed by monitoring the size of the 
polyribosomes synthesizing the particular polypeptides (Palmiter, 1974; 
Lodish and Froshauer, 1977). For example, if in rabbit reticulocytes 
the initiation of polypeptide synthesis is inhibited, the globin mes-
sengers are found associated with fewer ribosomes. On the other hand, 
if factors involved in elongation become more limiting, polyribosome 
size will increase (Lodish, 1971). Thus it was concluded that in intact 
reticulocytes the initiation step is limiting protein synthesis (Lodish, 
1974), whereas in chicken oviduct cells elongation is limiting (Palmiter 
and Schimke, 1973). In reticulocytes e-globin chains are predominantly 
synthesized on tetra- and pentasomes, a-globin chains are made on tri-
and tetrasomes (Lodish, 1971; Hunt et al., 1969). This difference 
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in the size of polyribosomes reflects the different intrinsic rates of 
initiation of the a- and ß-globin mRNAs respectively (Lodish, 1971; 
1974). In Xenopus oocytes rabbit a- and e-globin are synthesized on 
polyribosomes containing 3-7 ribosomes (Lingrel and Woodland, 1974). 
Apparently the ratio between initiation and elongation of the globin 
polypeptides is very similar to that observed in reticulocytes. Un-
fortunately it is not known, whether in oocytes α-globi η mRNA is also 
translated on slightly smaller polyribosomes than ß-globin mRNA. The 
size of the globin synthesizing polyribosomes did not change, when 8 
times as much globin mRNA was injected into the oocytes (Lingrel and 
Woodland, 1974), as would have been the case, if a step in the initia-
tion or in the elongation of the globin polypeptides exclusively had 
been limiting translation of the messenger RNA. Thus, in the presence 
of excess mRNA, the translational machinery is not shared equally be-
tween all mRNA and the rate of protein synthesis is regulated rather by 
the number of mRNAs that is being translated. 
Compartmentation of the mRNA pool in oocytes 
Most of the messenger RNA in oocytes of amphibia (and of many other 
organisms as well) is not present in polyribosomes (Davidson, 1976; 
table 2). The question has been raised, as to whether all this mRNA is 
available for translation. Part of it might be present in temporarily 
inactivated ("masked") mRNP particles (by some authors referred to as 
informosomes (Spirin, 1969)) to be activated at different moments during 
maturation of the oocyte and subsequent embryonic development (Davidson, 
1976). For example, the tenfold increase in the rate of histone syn-
thesis at the time of maturation (Adamson and Woodland, 1977) occurs 
also in total absence of mRNA synthesis and probably is caused by 
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activation of masked histone message. 
In Xenopus more than 90% of the total oocyte mRNA is found in the 
cytosol (Rosbash and Ford, 1974), so in compartment В and С (fig. 1) and 
only about 10% in the polyribosomes (compartment D, fig. 1). Micro-
injected mRNA has to compete with the endogenous mRNAs for the limited 
translational capacity of the cell (Laskey et al., 1977). In part 3 of 
this chapter it is demonstrated, that injected message and endogenous 
message are selected with equal probability by the translational appa­
ratus. It could, therefore, be expected that after establishment of the 
equilibrium between exogenous and endogenous mRNAs, also 90% of the 
injected message is present in the cytosol and only 10% in the poly­
ribosomes, as is the case with endogenous message. If the injected mRNA 
is diluted by the total pool of endogenous mRNAs, it can only be trans­
lated with 10% of its maximal efficiency. The actual efficiency of 
Hn RNA 
masked mRNA 
inlormosomes 
unmasked mRNA 
free mRNP 
activation \) 
translational site 
recruitment 
•'S 
injected 
""mRNA 
f i g . 1: Compartmentation of the mRNA pool in oocytes. 
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translation of exogenous mRNAs (table 1) seems to be much higher. For 
example, under conditions, in which 14 S aA^-crystallin mRNA constitutes 
only 0.4% of the total poly(A) containing mRNA present in the oocyte, 
2.5 % of the protein synthesized by the oocyte is aA^-crystallin (table 
1, nr. 5). Apparently only a small part of the oocyte mRNA (in compart-
ment C, fig. 1) is competing with the injected mRNA, whereas the rest of 
the endogenous mRNA is not competing for the translational apparatus, 
presumably because it is "masked" by some factor (protein or nucleic 
acid) present in the informosomes (compartment B, fig. 1). The efficiency 
of translation of exogenous mRNAs varies considerably between batches of 
oocytes isolated from different frogs (Gurdon et al., 1971; Asselbergs 
et al., 1978f, 1979d), a phenomenon most likely caused by a variation in 
the size of the mRNA pool available for translation (compartment C, fig. 
1). 
Two models for the regulation of mRNA translation in oocytes 
Whereas at the moment the identity of the factor (or factors) 
limiting and, therefore, regulating mRNA translation in oocytes is 
unknown, four properties of it are obvious: (1) there is no speci-
ficity towards different messenger RNA species (Laskey et al., 1977; 
Asselbergs et al., 1979d); (2) the limiting factors are contained in 
polyribosomes (Laskey et al., 1977); (3) factors are exchangeable 
between mRNAs, allowing injected messengers to displace endogenous 
mRNAs. (4) The number of mRNA molecules translated is regulated by the 
factors rather than the efficiency of translation of the translated 
message. (Lingrel and Woodland, 1974). Two viable hypotheses have been 
put forward concerning the role of the regulating factor(s). First, 
factors binding to the messenger might 'recruite' a fixed number of 
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mRNAs for translation (i.e. for transfer from compartment С to D (fig. 
1)). (Lingrel and Woodland, 1974). In the second hypothesis the re­
cruitment function is given to the (initiating) ribosomes themselves 
(Laskey et al., 1977) and ribosomal loading is thought to increase the 
probability of binding new ribosomes to the mRNA. If this is the case, 
the mRNA would remain loaded even if initiation is limiting translation. 
The latter model predicts, that mRNAs engaged in protein synthesis have 
an advantage in competition over yet untranslated mRNAs. This has 
indeed been demonstrated (Asselbergs et al., 1979d). 
The recruitment of microinjected mRNA appears to be a rather slow 
process perhaps hampered by physical barriers or diffusion rate, since 
maximal translation is only observed several hours after injection 
(Gurdon et al., 1971; Asselbergs et al., 1978f, 1979d). As the injected 
mRNAs gradually become incorporated into the protein synthesizing 
machinery of the oocyte (compartment D, fig. 1), they also gradually 
become less sensitive to competitive inhibition by a second mRNA in­
jected afterwards. Finally after several hours the injected mRNAs are 
equally sensitive to competition as the oocyte endogenous mRNAs. (Assel-
bergs et al., 1979d). Just like the endogenous mRNAs, they are then 
also insensitive to inhibition by poly(A,G,U), a polyribonucleotide 
which strongly inhibits translation of exogenous mRNA, when coinjected 
with it (Woodland and Ayers, 1974). 
Is feed-back regulation operative in protein synthesis? 
Immunoglobulin G consists of two light chains (L) and two heavy 
chains (H). The intracellular pool of HJL? varies depending on the 
culture conditions of the immunoglobulin producing myeloma cells (Stevens 
and Williamson, 1973c). At high intracellular H 9L ? concentrations 
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a specific repression of Η-chain synthesis has been observed, suggesting 
a kind of end-product control of immunoglobulin synthesis. In Xenopus 
oocytes injected with myeloma polyribosomes co-injected H-L« also de­
pressed Η-chain synthesis (Stevens and Williamson, 1973b). This effect 
was attributed to a specific inhibition of translation of Η-chain mRNA 
by HpU. (A specific affinity between Η-chain mRNA and H ^ could 
initially be demonstrated in vitro (Stevens and Williamson, 1973 b,c), 
but this specific affinity could no longer be demonstrated in later 
experiments (Stevens and Williamson, 1975)). 
In hemoglobin biosynthesis free a- and ß-globin are each thought to 
inhibit their own synthesis (Adams, 197 ; Blum, Kneip and Schapira, 
1972; Blum, Maleknia, Schapira, Kneip and Reibel, 1969; Blum, Maleknia, 
Schapira, Kneip and Benrubi, 1970; Schaeffer, Trostle and Evans, 1969). 
Purified rabbit a- and ß-globin polypeptides indeed inhibits globin 
synthesis in oocytes, but not endogenous protein synthesis, when in-
jected together with the mRNA in a 100-fold molar excess over the mRNA 
(Asselbergs, unpublished). In a similar type of experiment translation 
of aAp-crystallin mRNA was not inhibited by co-injected α-crystal lin or 
a-crystallin subunits (Asselbergs, unpublished). 
Influence of hemin on globin synthesis in oocytes 
When reticulocyte lysates are incubated without added hemin, pro­
tein synthesis proceeds for only a few minutes and then stops abruptly. 
With added hemin the translational rate is maintained for hours, because 
hemin prevents the formation of an inhibitor of polypeptide initiation 
from an inactive pro-inhibitor (review, Revel and Groner, 1978). The 
inhibitor reduces the amount of (met-tRNAf.40S), which leads to a de­
creased synthesis of both globin and non-globin peptides. In absence 
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of hemin o-globin synthesis in the cell-free system is depressed more 
than e-globin synthesis probably due to the lower intrinsic rate of 
ribosome binding of a-globin mRNA (Lodish, 1974). Addition of hemin 
will restore the equality of a- and з-globin synthesis and has been 
shown to promote protein synthesis in other cell-free systems (Princen, 
van Eekelen, Asselbergs and van Venrooij, 1979) as well. 
Hemin injected into oocytes of Xenopus laevis (Giglioni et al., 
1973; Asselbergs unpublished) or Bufo mari nus does not change the over­
all rate of protein synthesis. In Bufo specific depression of two poly­
peptides was observed. However, hemin specifically stimulates the 
translation of rabbit (Lane et al., 1974; Giglioni et al., 1973; Princen 
et al., 1979) and mouse (Lane et al., 1974) a-globin mRNA in Xenopus 
oocytes, but not that of the corresponding в-globin mRNAs. When human 
globin mRNA, isolated from patients with sickle cell anemia is injected 
together with hemin translation of both a- and β -mRNA was stimulated, 
but a- more than 3 -mRNA (Maniatis, Ramirez, Cann, Marks and Bank, 
1976). Stimulation of a-globin synthesis was also observed, when hemin 
is injected a long time after the mRNA (Lane et al., 1974; Giglioni et 
al., 1973) and when the mRNA was injected in the form of an mRNP (Prin­
cen et al., 1979). In the absence of hemin about 4-5 times as much e-
globin as a-globin is made in Xenopus oocytes injected with polysomal 
globin mRNA. A relative excess of a-globin synthesis was observed in 
oocytes of Bufo mari nus (May and Glenn, 1974). In Xenopus oocytes trans­
lation of a-globin mRNA containing, non-polysomal mRNP particles from 
rabbit reticulocytes (Princen et al., 1979) as well as of the messenger 
RNA isolated from these particles (Giglioni et al., 1973; Princen et 
al., 1979; Huez, Marbaix, Gallwitz, Weinberg, Devos, Hubert and Cleuter, 
1978) was stimulated by hemin. Apparently some restriction of the 
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translation of α-globin mRNA existing in Xenopus oocytes is releaved by 
hemin. This restriction can apparently be overcome also with the aid of 
a component of reticulocyte polyribosomes, since injected polyribosomes 
synthesize a- and ß-globin in a 1:1 ratio in the absence of hemin (Gurdon 
et al., 1973). The restriction of α-globin synthesis in Xenopus oocytes 
does not lead to a drastic reduction of the α-globin synthesizing poly­
ribosomes (Lingrel and Woodland, 1974). 
Control of translation of globin mRNA in embryonic cells 
When rabbit globin mRNA is injected into fertilized eggs of Xenopus laevis, 
a sudden increase in the ratio a- to e-globin synthesized is observed at 
the time of gastrulation (Lane et al., 1974), which is maintained during 
further development (followed up to the stage, when the tadpoles start 
swimming). This 'spontaneous' stimulation of the α-globin synthesis is 
not observed, when mouse globin mRNA is injected. The action of the 
embryo factor is, therefore, distinct from the action of hemin, which 
equally stimulates the synthesis of mouse and rabbit α-globin (Lane et 
al., 1974). Hemin and the embryo factor do not seem to have an additive 
effect on rabbit α-globin synthesis in Xenopus neurulae. 
Globin mRNA injected into fertilized Xenopus eggs seems to be 
extremely stable (Gurdon and Woodland, 1974; Lane et al., 1974; Wood­
land, Gurdon and Lingrel, 1974). Globin synthesis is constant during 
embryonic development, although it becomes increasingly obscured by the 
rising synthesis of endogenous proteins (Gurdon and Woodland, 1974). 
Apparently, the established globin message is not inactivated, when 
stored endogenous mRNAs and ribosomes are mobilized into action. 
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Stability of injected mRNAs in oocytes 
In contrast to the cells of the developing embryo, full-grown 
oocytes are cells with a steady state metabolism. Cultured in vitro in 
a non-nutrient medium, oocytes remain metabolically active for about two 
weeks, occasionally up to a month, during which period no major changes 
are observed in, for example, the pattern of synthesized polypeptides. 
These properties make oocytes a very useful system to study regulatory 
processes that influence the stability of mRNA. 
Rabbit and mouse globin mRNA micro-injected into Xenopus oocytes 
fully maintained their initial translational activity (normalized in 
respect to the endogenous protein synthesis) during the culturing of the 
oocyte (Gurdon et al., 1973) which, in this study, varied from 1 to 3 
weeks between batches of oocytes from different frogs, a- and ß-globin 
mRNA appeared to be equally stable. During culture in vitro a gradual 
decrease in the rate of incorporation of radioactive amino acid into 
both globin and endogenous proteins was observed. However, globin mRNA 
injected into oocytes which already had been cultured in vitro for 
several days, was translated as efficient as mRNA, which already had 
been translated in the oocytes for the entire culture period (Gurdon et 
al., 1973). The decreased incorporation into globin was, therefore, 
thought to arise from a change in the metabolism of the oocyte (pre-
sumably an increased intracellular amino acid concentration (Bravo, 
Salazar and Allende, 1976)) and not to degradation of the mRNA. Such a 
remarkable functional stability has also been demonstrated for other 
poly(A)-containing mRNA species, notably those encoding chicken oval-
bumin (Chan et al., 1976), calf ctA?-crystallin (Asselbergs et al., 
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1 2 3 4 
days after injection 
fig. 2: Occasional instability of aAp-crystallin mRNA in oocytes 
Batches of 5 oocytes were injected with 5 ng poly(A) containing 
calf lens mRNA, incubated in modified Barth's medium with 0.5 mCi/ml for 
20 h periods at various times after injection and the translation products 
were quantitated by immunoprecipitation with rabbit antiserum against 
aAp-crystallin as described in III-2 (Asselbergs, van Venrooij and 
Bloemendal, 1978). The middle of the labeling period is indicated. 
(A) Total incorporation of radioactivity into protein per oocyte. 
(B) Incorporation into c^-crystallin is expressed as a percentage of (A). 
This percentage can be regarded as a measure for the transiational 
activity of the 14S aA^-crystallin mRNA, which is generally a stable 
messenger RNA (cf. III-2; Asselbergs, van Venrooij and Bloemendal, 
1978). The mRNAs encoding β- and γ-crystallin were equally unstable in 
this batch of oocytes (data not shown). 
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]978f, Xenopus serum albumin and vitellogenin (Berridge and Lane, 1976) 
human placental lactogen (Mous, Peters, Van Belleghem and Rombauts, 
1977, 1979) and the RNA isolated from Rauscher murine leukemia virus 
(Asselbergs, Salden and Bloemendal, 1979c). However, it sometimes 
happens that in certain batches of quite normally looking oocytes, the 
injected mRNA is functionally unstable. In those exceptional cases 
(Gurdon et al., 1973; cf. fig. 2) the inactivation seems to follow 
linear kinetics. 
In the experiments mentioned above, the functional stability of 
the injected mRNA was measured. This parameter may be different from 
the physical stability, for example, because not all mRNA molecules are 
translated. Allende, Allende and Firtel (1974) studied the fate of 3 2P-
1 abel ed poly(A) containing mRNA from the slime mold, Dictyostelium 
discoideum, and from vesicular stomatitis virus after injection in 
oocytes. They found, that the mRNA decay followed biphasic kinetics. 
About 60% of the mRNA was degraded in the first 6h, whereas the remaining 
30-40% was stable for at least 22 h. The stable fraction was apparently 
protected against nucleolytic degradation by means of an association 
with ribosomes, since it was not found when puromycine was present in 
the incubation medium. On the other hand, rabbit globin mRNA, quanti-
tated by molecular hybridisation, was not destabilized by puromycine 
(Huez et al., 1977a). 
In a comment on some of the experiments above. Hunt (1975) sug-
gested to use iodine labeled globin mRNA to study the stability of mRNA 
in oocytes. Such experiments were performed by the author, in collab-
oration with Dr. L.H. Cohen. It was found that the iodinated mRNA 
quickly decayed in oocytes (fig. 3). It is possible that the mRNA 
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Fig. 3: Decay of iodine labeled gl obi η mRNA in oocytes 
Rabbit globin mRNA (9 S), purified by affinity chromatography on 
oligo(dT) cellulose and sucrose gradient centrifugation (13), was 
labeled with iodine-125 (spec. act. 11-17 mCi/pg) as described by 
Prensky (1976) to a specific activity of 10 cpm/pg mRNA. Thus, each 
globin mRNA molecule carries 2-3 iodine atoms. After iodination the mRNA 
was rechromatographed on oligo(dT)cellulose and cosedimented with un­
labeled globin mRNA during sucrose gradient centrifugation. 
(A) Batches of 10 oocytes were injected with 50 nl containing 0.5 
ng iodinated globin mRNA (5 χ 10 counts/min), oocytes were incubated 
for 1 h ( · — · ) , 6 h ( о — о ) and 18 h (A...A), homogenized in 10 mM Tris/HCl 
ph = 7.4 containing 5 mM ethylene diaminotetra-acetic acid, 0.5% sodium 
dodecylsulphate and carrier ribosomal RNA from rabbit reticulocytes, and 
the lysates were stored at -80oC. Lysates were layered on 15-35% (w/w) 
isokinetic sucrose gradients for the I EC SB 283 rotor containing 10 mM 
Tris/HCl pH = 7.4. The gradients were spun for 22 h at 50C and pumped 
through the flow cell (path length 0.25 cm) of a Gilford spectrofoto-
meter. Total radioactivity of 0.3 ml fractions was measured using 
Aquasol (New England Nuclear) as a scintillant. 
(B) % of the labeled mRNA cosedimenting with intact (uninjected) 
globin mRNA (fractions 7-9). 
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was functionally impaired due to the specific removal during the iodina-
tion procedure (Prensky, 1976) of an oligonucleotide, which is part of 
the ribosome binding site of the mRNA (Legon, Robertson and Prensky, 
1976). After 4 h incubation in oocytes only 6% of the radioactivity was 
found in polyribosomes, in contrast to 20-40% after 40 min. in a retic-
ulocyte lysate indicating that the iodinated message was impaired in a 
function primarily needed for survival in vivo (data not shown). 
Role of the poly(A) sequence in the stability of mRNA in oocytes 
Most eukaryotic mRNA species carry a stretch of poly(A), about 20-
100 residues long, at their 3' OH end. It seems, that the poly(A) 
segments become shorter with age, as has clearly been demonstrated for 
mouse (Gorski, Morrison, Merkel and Lingrel, 1975; Merkel, Kwan and 
Lingrel, 1976) and rabbit globin mRNAs (Nokin, Huez, Marbaix, Burny and 
Chantrenne, 1976; Nokin, Burny, Huez and Marbaix, 1976). Since some 
mRNAs, for example hi stone mRNAs (Adesnik and Darnell, 1972; Greenberg 
and Perry, 1972), generally do not contain poly(A), it seems unlikely 
that the presence of poly(A) is required for translation. Globin mRNA 
from which the poly(A) had been removed (Bard, Efron, Marcus and Perry, 
1974; Sippel, Stavrianiopoulos, Schutz and Feigelson, 1974; Soreq, 
Nudel, Salomon, Revel and Littauer, 1974; Williamson, Crossley and 
Humphries, 1974), or Encephalomyocarditis viral RNA selected for a low 
poly(A) content (Hruby, 1978) were initially translated in cell-free 
systems as efficiently as their polyadenylated counterparts. Only, 
during prolonged incubation translation of the poly(A)-free mRNAs was 
much less efficient. 
When injected into oocytes, the initial rate of translation of 
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poly(A)-free rabbit globin mRNA was close to that of complete mRNA. 
However, after an incubation of two days, the rate of gl obi η synthesis 
directed by poly(A)-free mRNA was more than 10-fold lower than in the 
case of native mRNA (Huez et al., 1974). Poly(A)-poor fractions of 
human globin mRNA also had a lower functional stability in oocytes than 
poly(A)-rich fractions (Maniatis et al., 1976). Re-addition of poly(A)-
tails could restore the stability of deadenylated rabbit globin mRNA 
(Huez et al., 1975). From experiments in which globin mRNA preparations 
with well-defined poly(A) lengths were injected into Xenopus oocytes, it 
was concluded that a minimum length of about 30 adenyl residues was 
needed to confer complete functional stability to the mRNA. (Nude!, 
Soreq, Littauer, LeClercq, Hubert, and Chantrenne, 1976). Messenger RNA 
with a poly(A) segment of less than 15 adenines was as unstable as mRNA 
totally devoid of poly(A). Messenger RNAs with poly(A) segments between 
15 and 30 residues long mRNAs had an intermediate stability. When the 
injected globin mRNA was quantitated by molecular hybridisation with 
cDNA prepared with reverse transcriptase, it was found, that 85% of the 
poly(A)-free globin mRNA had been degraded two days after injection, 
whereas the native mRNA was almost completely preserved (Marbaix et al., 
1975). A poly(A) stretch of sufficient length is, therefore, required 
to ensure the physical stability of injected globin mRNA. 
Hemin which promotes translation of a-globin mRNA in oocytes 
(above), also accelerated degradation of poly(A)-free a-globin mRNA. 
This finding suggests, that a poly(A)-free messenger RNA must be translated 
for its physiological degradation to occur. (Huez et al., 1977a). 
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Micro-injected histone mRNAs, which lack a poly(A) segment (Huez et 
al., 1977b, 1978), were found to be functionally unstable in oocytes. 
The histone mRNA could be stabilized by the addition of a poly(A) 
stretch (Huez et al., 1978). In somatic cells histone synthesis occurs 
only parallel to DNA synthesis and the histone mRNA is quickly degraded 
at the end of the S-phase of the cell cycle (Perry and Kelley, 1973). 
In oocytes continuous histone synthesis occurs in the absence of DNA 
synthesis. In addition oocytes must contain a considerable amount of 
stable untranslated histone message, since histone synthesis increases 
20 to 100-foîd during maturation, even in the absence of RNA synthesis 
(Adamson and Woodland, 1977). It is reasonable to assume that the 
remarkable stability of the oocyte histone mRNA is a consequence of the 
presence of a poly(A) segment, which has been shown to be present on 
histone mRNA of amphibian oocytes (Levinson and Marai, 1976; Ruderman 
and Pardue, 1978). 
Despite the presence of a poly(A) segment on interferon mRNA of 
human fibroblasts, the rate of interferon accumulation in oocytes grad-
ually decreases after injection of the mRNA. Removal of the poly(A) 
segment from the interferon mRNA does not affect the pattern of inter-
feron accumulation described above (Seghal, Soreq and Tamm, 1978). The 
translational stability of Mengo virus RNA (Seghal et al., 1978) is also 
not affected by removal of the poly(A) segment. Furthermore, the trans-
lational stability of hepatic a« globulin mRNA was not influenced by 
the length of the poly(A) stretch (Deshpande and Chatterjee, 1979). It 
thus appears that other factors besides the presence and the length of 
the poly(A)-tail influence the functional stability of (some) mRNAs in 
oocytes. 
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Role of the 'cap' in oocytes 
Most eukaryotic mRNAs contain a blocked, methylated S'-terminal 
'cap', m7G(5')ppp(5')X- (reviews, Shatkin, 1976; Filipowicz, 1978). The 
presence of the cap facilitates mRNA translation at the level of the 
initiation of protein synthesis in many cell-free systems. Apart from 
this role in translation, the cap also protects the mRNA from exonucleo-
lytic degradation from the 5'-end both in cell-free systems derived from 
wheat germ (Shimotohno, Kodama, Hashimoto and Miura, 1977) and L-cells 
(Furuichi, LaFiandra and Shatkin, 1977) as well as in intact Xenopus 
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oocytes (Furuichi et al., 1977). In oocytes 60% of the capped ( -P 
labeled) reovirus mRNA, with 5'-end m GÍS'JpppG111, was degraded within 24 
hours. This instability of the control mRNA is perhaps a consequence of 
the absence of poly(A) in reovirus mRNA (Stoltzfus, Shatkin and Banerjee, 
1974; Both, Lavi and Shatkin, 1975). Blocked but unmethylated reovirus 
mRNA ending in G(5'JpppiS')G, was as unstable as capped mRNA. A con-
siderable part of the blocked 5' termini were methylated in the oocyte 
to m^íS'JpppíS'jG and JI/GÍS' JpppíS' )Gm. Unblocked mRNAs, ending in 
ppp(5')G and pppiS'jG"1, were degraded much faster than blocked mRNAs. 
Eight hours after injection 55% of the blocked and capped mRNAs was 
still intact, whereas only 20-25% of the radioactive mRNA with unblocked 
5' termini was still acid precipitable. Only 10% of the unblocked mRNAs 
remained after 24 h. 
In another type of experiment, translation of rabbit globin mRNA 
from which the cap had been removed by chemical or enzymatical methods, 
in oocytes was reduced to less than 5% (Lockard and Lingrel, 1978). RNA 
of the Encephalomyocarditis virus, one of those exceptional eukaryotic 
mRNAs which is not capped, was still translated 2 days after injection 
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in oocytes (Laskey, Gurdon and Crawford, 1972). Translation of exo-
genous and endogenous mRNA was not inhibited after injection of large 
amounts of cap-analogues, m 6(5')p and m 6(5'îpppCS')G (section III-4: 
Asselbergs, Peters, van Venrooij, and Bloemendal, 1978b) whereas cap-
analogues strongly inhibited translation of these mRNAs in vitro (Assel-
bergs et al., 1978 c-e; Darnborough and Ford, 1976). It is, therefore, 
at present unclear whether the cap, apart from its protective role, 
plays also an essential role in the translation of capped mRNAs in 
oocytes. However, the observation that periodate oxidized rabbit gl obi η 
mRNA, in which the chemically modified cap probably still protects the 
mRNA against 5' exonucleolytic degradation, is not translatable in 
oocytes (Lockard and Lane, 1978), is perhaps an indication that the cap 
is essential for proper translation of capped mRNAs in vivo. 
Concluding remarks 
Micro-injection experiments with oocytes, as described above, have 
already revealed the first glimpses of the complex pattern of regulatory 
mechanisms operative during mRNA translation. However, a number of 
provocative questions remain. For example: (1) What is the nature of 
the polysomal factors limiting protein synthesis? (2) Is untranslated 
exogenous mRNA as stable as translated mRNA? (All stability experiments 
so far have been performed at low mRNA concentrations, when, as judged 
from the translational efficiency, most of the input mRNA is translated. 
If a higher mRNA concentration is injected some of the mRNA molecules 
are not translated and perhaps unstable.) (3) Through what kind of 
mechanism are informosomal mRNAs kept inactive and is the activation to 
some extent mRNA specific? 
Table ЗА: Messenger RNAs translated in amphibian oocytes-МатпіаІ! 
Protein organ/cell type species 
a. globin reticulocyte rabbit 
о 
b. 
c. 
d. 
e. 
f. 
g-
h. 
i. 
J. 
k. 
1. 
m. 
crystal!i η 
uteroglobin 
milk protein 
thyroglobulin 
myelin basic protein 
immunoglobulin G 
collagen 
lactogen 
tyrosine amino­
transferase 
tubulin 
steroid binding 
protein 
interferon 
leukemic cell 
eye lens 
uterus 
mammary gland 
thyroid gland 
brain 
plasmacytoma 
spleen 
fibroblast 
placenta 
liver 
brain 
prostrate 
fibroblast 
leukocyte 
fibroblast 
mouse 
man 
mouse 
calf 
rabbit 
guinea pig 
horse 
cattle 
rat 
mouse 
mouse 
rat 
man 
woman 
rat 
mouse 
rat 
man 
mouse 
references 
Lane et al. (1971); Gurdon et al. (1971); Marbaix and Lane 
(1972); Brächet et al., (1973); May and Glenn (1974); Gurdon 
et al., (1973); Marbaix and Gurdon, (1972). 
Gurdon et al., (1973); Marbaix and Gurdon, (1972). 
Maniatis et al., (1976). 
Ostertag et al., (1973). 
Asselbergs et al., (1978 a,b,f)(1979 a,d) Berns et al., (1972). 
Beato and Nieto, (1976); Beato and Rungger, (1975). 
Campbell et al., (1973). 
Vassart et al., (1973). 
DeNayer et al., (1974), Vassart et al. ,(1974)(1975 a and b) 
Lim et al., (1974 a.b) White et al., (1975). 
Mach et al., (1973); Jilka et al., (1977)(1979) ; Stevens and 
Williamson, (1972) (1973 a,b), Smith et al. (1973) 
Deacon and Erbringer, (1977) 
Stevens et al. (1975) 
Lane and Knowland, (1975). 
Mous et al., (1976)(1977b)(1979). 
Nickol et al., (1976). 
van der Saag, (1975). 
Mous et al., (1977a) 
Cavalieri et al., (1977 a,b), Raj and Pitha, (1977); Reynolds 
et al., (1975); Seghal et al., (1977). 
Seghal et al., (1977). 
Lebleu et al., (1978). 
Table ЗА: Messenger RNAs translated in amphibian oocytes--(Continued) 
Protein 
n. insul in 
o. B-glucuronidase 
p. hi stone 
q. unidentif ied 
r. a 2 u globulin 
s. thyroglobulin 
(a-subunit) 
BIRDS 
gl obi η 
ovalbumin 
v i te l logenin 
AMPHIBIA 
collagen 
v i te l logenin 
albumin 
FISH 
insul in 
orqan/cell type 
insulinoma 
kidney 
HeLa-cell 
proteins Hela-cell 
I 
l i v e r 
thyrotropic p i t i 
tumor 
ret iculocyte 
oviduct 
l i v e r 
tadpole t a i l 
l i v e r 
l i v e r 
pancreatic i s l e t 
species references 
man Yip et al., (1975), Rapaport et al., (1978). 
mouse Labarca and Paigen, (1977). 
man Huez et al., (1977b) (1978) 
man Gurdon et al., (1976). 
rat Desphande and Chatterjee, (1979). 
mouse Kourides and Weintraub, (1979). 
duck Lane et al., (1973). 
chicken Chan et al., (1976). 
chicken Gruber, M. et al., (1976). 
Xenopus Rollins and Flickinger, (1972), Flickinger and Rollings, (1974). 
Xenopus Berridge and Lane, (1976) Landos and Hamilton, (1975). Wiggins 
et al.,(1978). 
Xenopus Berridge and Lane (1976), Zehavi-Wiliner and Lane (1977). 
freezing point 
depressing protein 
liver 
cod 
American 
winter flounder 
Yip et al., (1975) 
Hew and Yip, (1976). 
Protamin testis trout Gedamu et al., (1978). 
Ol 
г-
ТаЫе ЗА: Messenger RNAs translated in amphibian oocytes--(Continued) 
Protein 
INSECTS 
organ/cell type 
mi tell in venom gland 
hormone induced proteins flight muscle 
Echinodermata 
histone 
Higher plants ζ 
flavone synthetase 
phenylalanine ammonia 
lyase (PAL) 
К -cells 
с 
embryo 
suspension culture 
cells 
suspension culture 
cells 
species 
honeybee 
cricket 
Drosophila 
Lytechinus 
pictus 
references 
Kindas-Mugge et al., (1974), Kreil et al., (1977) Lane (1976) 
Moser et al., (1975). 
Moser et al., (1975). 
Huez et al., (1977b). 
Petroselinum Schroeder et al., (1977). 
hortense (Hoffm.) 
Petroselinum Schroeder et al., (1977). 
hortense (Hoffm.) 
YEASTS 
mitochondrial (?) proteins Sacharomyces Eggit and Scragg (1975) 
Table 3B: Messenger RNAs translated in unfertiTized amphibian eggs 
Protein organ/сеП type species references 
MAMMALS 
a. globin 
b. immunoglobulin G 
c. calcitonin 
reticulocyte 
plasmacytoma 
tumor cell 
rabbit Gurdon et al., (1971)0973), Moar et al., (1971). 
mouse Stevens and Williamson, (1973b). 
man van der Donk et al., (1976). 
d. hormone precursors several tumors 
e. immunoglobulin E plasmacytoma 
f. immunoglobulins G,M,A colostrum 
HIGHER PLANTS 
mouse 
pig 
Lips et al., (1978). 
van der Donk et al., (1978). 
Kortbeek-Jacobs et al., (1978). 
f. incompatibility 
protein 
flower style Petunia van der Donk et al., (1975) 
Table 3C: Messenger RNAs translated in developing amphibian embryos 
MAMMALS 
a. globin reticulocyte rabbit 
mouse 
Brächet et al., (1973); Froehlich et al., (1977), Gurdon et 
al., (1974 Lane et al., (1974); Woodland et al., (1974). 
Gurdon et al., (1974); Lane et al., (1974). 
Table 4: Translation of v i r a l (nessenger) RNAs in amphibian oocytes--Anima1 viruses 
t-
Virus 
Pi cornavi ruses 
Encephalomyocarditis virus 
Retroviruses 
Avian myeloblastosis virus 
Avian sarcoma virus 
Rauscher leukemia virus 
Abel son leukemia virus 
Bovine leukemia virus 
Mammary tumor virus 
Adenoviruses 
Adenovirus 5 
Plant viruses 
Tobacco mosaic virus 
(undivided genome) 
Alfalfa mosaic virus 
(tripartite genome) 
Brome mosaic virus 
(tripartite genome) 
Cucumber mosaic virus 
(tripartite genome) 
mRNA type species references 
genomic RNA mouse Laskey et al., (1972) (1977). 
genomic RNA chicken Ghysdael et al., (1977) a,b); Salden et al., (1976a). 
genomic RNA chicken Katz et al., (1979). 
genomic RNA mouse Asselbergs et al., (1979 с) Salden et al., (1976 b). 
cellular mRNA van Zaane et al., (1977). 
(genome size and subgenomic mRNAs) 
genomic RNA mouse Reynolds et al., (1978). 
cattle Ghysdael et al., (1979), Burny et al. (1978). 
genomic RNA 
genomic RNA 
late mRNA 
genomic RNA 
subenomic mRNA 
RNAs 1,3,4 
RNAs 1,2,3,4 
RNAs 3,4 
Nusse et al., (1978). 
DeRobertls et al., (1977) 
tobacco Knowland (1974). 
Hunter et al., (1976). 
alfalfa Rutgers (1977) Rutgers et al., (1976) Van Vloten-Doting 
(1977) 
Rutgers (1977) Semancik, et al., (1977) 
cucumber Schwinghamer and Symons (1977). 
brome 
grass 
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Synthesis of Lens Crystallins in Xenopus Oocytes as Determined 
by Quantitative Immunoprecipitation 
Fred A M ASbfLBFRGS Walther J VAN VFNROOIJ and Han* BLObMLNDAL 
Deparlmenl of Biochemistry University of Nijmegen 
(Received December 19 1977) 
Total poly(A)-contdining calf lens mRNA was microinjecled into Xenopus oocytes and synthes.is 
of a, β, and y-crystdllms was demonstrated By a method of quantitative immunoprecipitation 
the rate of translation of purified 14 S otAj-cryslallin mRNA was compared with translation of 
9-S rabbit globin mRNA Maximal response of oocytes was obtained with virtually the same 
molar amounts ol mRNA, taking into account the larger size of the o!A2-cryslallin mRNA Kinetics 
of translation were also very similar and both mRNAs were translated with similar rale and clficiency 
for at least two days It was estimated that 20 40 polypeptide chains per hour per mRNA molecule 
were synthesized 
Microinjection of heterologous mRNA into Xeno-
рич oocytes tollowed by the identification of the trans­
lation products has been achieved now for many kinds 
of mRNA, including the 14-S aAi-crystallm mRNA 
from calf lenses [1 ] In fact, the translational machinery 
of the oocyte seems to accept any cellular or viral 
mRNA from eukaryotes Only with a bacteriophage 
mRNA [2] and a mitochondrial mRNA [3] have no 
translation products been detected as yet The trans­
lational ability of oocytes renders these cells a very 
suitable model system to study how a cytoplasmic 
mRNA is translated in a eukaryotic cell However, 
such studies require quantitative data on the transla­
tion of purified mRNAs and these are only available 
m a few cases, notably for globin mRNAs from rabbit 
[4—7], mouse [6,8], duck [9] and man [10] and recently 
for chicken ovalbumin mRNA [11] and enccphalomyo-
carditis viral RNA [7] In all these cases the translation 
product was separated from the huge amount of endo­
genous proteins by chromatography on Sephadex beads 
or by gel electrophoresis In the present study we 
introduce a quantitative immunoprecipitation method 
as a possible technique to measure the rate of trans­
lation in oocytes of several mRNAs This can be done 
in spite of the high background activity in these cells 
We have used this method to compare in a quanti­
tative way the translation characteristics of purified 
14-S calf aAz-crystallin mRNA with those of rabbit 
globin mRNA 
bXPFRlMFNTAL PROCLDURE 
Centntugation gravity values arc quoted as the 
average g values generated at particular speeds of 
rotation All buffers were standardized to the desired 
pH with concentrated HCl at 4 С and unless other­
wise slated, all operations were carried out at 0—4 0C 
Isolai ¡on of Lens mRNAi 
Calf lens polyribosomes, isolated as previously 
described [12,11], were dissolved at 4 mg'ml m water 
and stored at — 80 С bor isolation of lens mRNA 
the polyribosomes were extracted with phenol, chloro­
form according to Perry et al [14] RNA was pre­
cipitated by adding 0 1 vol of 2 M sodium acetate, 
pH 5 2, and 2 5 vol of ethanol and stored for 20 h 
at — 20 С The precipitated RNA was pelleted by 
centrifugation and dissolved in buffer A (application 
buffer 10 mM Tns/HCI, pH 7 0, containing 0 5 M 
NaCI, 1 mM bDTA and 0 5% sodium dodccylsul-
phatc) and put on an oligo(dT)-cellulose column 
(Collaborative Research, Tj grade) at a concentration 
of 3 mg, ml Chromatography was performed as de­
scribed by Aviv and Leder [15] The poly(A)-conlain-
mg fraction eluted with the low-salt buffer was preci­
pitated with ethanol and stored at — 20 ""C To remove 
the contaminating 18-S ribosomal RNA the procedure 
of Bantle et al [16] was followed with the modifica­
tion that formamide was used instead of dimethyl-
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sulfoxide No 18-S nbosomal RNA could then be 
detected in the fraction eluted with low salt buflcr 
Гог translation purposes the purified RNA was dis­
solved in water at a concentration of 0 2 mg ml In 
some cases lens mRNAs were separated into IOS 
and 14 S fractions by means of repeated sucrose gra­
dient cemnfugations [17] 95°, of the translation 
product of 14-S mRNA in a reticulocyte lysate co-
migrated with marker calf aAi-crystallin 
¡solanoli of Globi/i mRNA 
Total poly(A) containing RNA was isolated from 
reticulocyte polyribosomes as described above for 
calflens polyribosomes and loaded onto an isokinetic 
sucrose gradient (15-35"„ w w) and ccntnfuged for 
22 h in an SB28Ì rotor of an IhC ultracentnfuge 
The globin-mRNA containing fractions (9 S) were 
pooled precipitated with sodium acetate and ethanol 
and stored at — 20 С Before use the mRNA was dis­
solved in water at a concentration of 0 2 mg ml 
M и гошц сноп o/'Xenopus Оос) les 
Ovaries were taken from Xenopus females, which 
were reared in the laboratory and which had not been 
injected with hormone [6] Oocytes of stage VI [18] 
were dissected and incubated in modified Barth s 
medium with follicle cells still adhering [2] Oocytes 
were injected individually using a Brinkmann MP-IV 
micromanipulator MicropipeltcsoflO—15 μΜdiam­
eter were made from 9-μ1 Drummond microcaps in a 
glass microclectrode puller (model PN 4W Nan-
shigc Scientific Inst Labs Tokyo, Japan) and were 
attached to a 10-μ1 syringe (Unimetnx) filled with 
water A drop of petroleum ether (80—110 C) wis 
used to seal off the mRNA solution With 1-nl accu­
racy up to 70 nl could be injected without damaging 
the oocytes txeept when otherwise indicated 25 nl 
mRNA (0 2 mg ml) were injected Oocytes were 
labeled in Barth s medium with either 0 5 mC ι ml 
L-^'SJmelhionine (spec act 765 С i mol) or L [2,5-
3Hlhistidine (spec act 47 Ci mmol) or L [4 S-'H]-
leucine (spec act 55 Ci mmol), all products from the 
Radiochemical Centre Amersham bngland After 
incubation at 19 С for various periods of time, ab 
normal-looking oocytes were discarded and oocytes 
were stored at — 20 С awaiting further processing 
Thawed samples of five oocytes were homogenized 
in 0 5 ml buffer D (10 mM Гпь'НСТ pH 9 0 contain­
ing 50 mM NaCI) The homogenate was ccntnfuged 
at 5000 x^ for 10 mm and the pellet was reextracled 
with another 0 2 ml of buffer D The combined super-
natants were extracted twice with dieth^lether to 
remove oocyte fat and were then lyophilized Oocyte 
proteins were taken up in 0 05 ml 10ο
ο
 glycerol con­
taining 2",, sodium dodecylsulphate 10°,, 2-mercap-
loethanol and 0 01 "„ bromophenol blue and analyzed 
by dodecylsulphate Polyacrylamide gel electrophore­
sis 
To measure protein synthesis a sample of oocyte 
homogenate was delivered into 0 5 ml 0 1 M NaOII 
After incubation for 30 mm at 37 С protein was pre­
cipitated with trichloroacetic acid and counted on a 
filter Radioactivity not present in protein was deter­
mined by measuring total radioactivity in Aquasol 
(New bngland Nuclear) and subtracting acid prccipit-
able radioactivity after correction for reduced effi­
ciency in counting precipitated samples 
Immunopret ιριίαιιοη oj Lem Proteins 
Batches of five oocytes were homogenized in 
0 5 ml NaCI P, dodecylsulphate (10 mM sodium phos­
phate buffer, pH 7 2, containing 0 9Ü„ NaCI, 0 3°0 
Γπιοη X-100, 0 5",, sodium dcoxycholate and 0 1 '/„ 
sodium dodecylsulphate) The homogenate was cen-
tnfuged at low speed and the pellet rcextractcd with 
0 5 ml NaCI P,/dodccylsulplialc The combined super-
nalants were then ccntnfuged for 15 mm in a Spinco 
Ti50 rotor at 200000 χ g The pellet containing pig­
mented material was discarded About 90",, of the 
radioactive protein was found in the supernatant 
ΓοΟ 7 ml of this supernatant, sufficient carrier antigen 
and antiserum were added (see legend to Table 1) 
together with 0 25 vol five limes-concentrated NaCI' 
P„dodecylsulphate to correct for salt conditions The 
mixture was stored overnight at 4 С The precipitate 
was pelleted by centnfugation and processed for 
dodecylsulphate gel electrophoresis as described by 
Van Zaane et al [19] In some cases the immunopre-
cipitatcs were dissolved in 0 1 M NaOH in order to 
determine the amount of precipitated protein [20] 
Anlisera were prepared as described by Van Kamp 
el al [21] The antiserum raised against total a-
crystallin reacted only with the acidic aA-subunit as 
judged by Ouchterlony immunodiffusion analysis 
This antiserum will be referred to as aAz-crystallin 
antiserum 
Dodet)¡sulphate Pohacrylamide Electrophoresis 
Oocyte extracts or immunoprecipilates were ana-
lyzed on 13 °0 Polyacrylamide gels according to 
I acmmli [22] with the modification that a gel slab 
was used instead of rods Staining and destaining 
were performed as described by Weber and Osborn 
[23] For detection of radioactive proteins gels were 
treated according to Bonner and Laskey [24] and pro-
cessed for autoradiography as described previously 
[13] 
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Assay of Globin Synthesis in Oocytes 
Oocytes were analyzed by dodecylsulphate gel 
electrophoresis as described above. After autoradiog­
raphy the globin band was cut out of the gel slab. 
solubilized with a mixture of ammonia/hydrogen 
peroxide (1 19) overnight at 37 C. and counted using 
Aquasol (New England Nuclear) as a scintillation 
fluid. Because we did not want to solubilize the 
enormous amount of unlabeled yolk proteins present 
in oocytes, the oocytes were homogenized without 
detergents. Under these conditions a varying amount 
of radioactive proteins remained entrapped in sub­
cellular structures of oocytes. It was assumed that 
the amount of globin which was solubilized was al­
ways proportional to the total amount of radioactive 
protein which was solubilized. The correctness of this 
assumption was verified in some cases by running 
the insoluble part on a very large acrylamide gel. 
RESULTS 
Identification of the Translation Products 
by Gel Electrophoresis 
When oocytes were injected with total poly(A)-
containing lens mRNA. several newly synthesized 
products appeared (Fig. 1 A —E) with mobilities simi­
lar to those of calf lens polypeptides (Fig. I F —I). 
aAi-crystallin could be identified especially easily, 
because it is the fastest-moving lens polypeptide. 
Other translation products comigratcd with the β and 
y-crystallin fractions. The 14-S mRNA fraction pro­
duced only aAi-crystallin (Fig. 1 D). as was demon­
strated previously [1 ], and this polypeptide is not coded 
for by the 10-S mRNA fraction (Fig I C). This mRNA 
fraction codes primarily for осВг and y-crystallin (which 
comigrate in this electrophoresis system) and also for 
some /?-crystallin polypeptides. Translation of 9-S 
globin mRNA is underestimated in comparison to 
the crystallins since the oocytes were labeled with 
[35S]methionine and the globin molecule contains 
only one methionine residue. 
Immimopreeipitation oj Calf Lens Proteins 
from Oocyte Lysates 
Immunoprecipitation can be used to identify and 
to quantify proteins simultaneously In order to deter­
mine the conditions for quantitative immunoprecipi­
tation of lens proteins from oocyte lysates. a constant 
amount of antiserum was added to the homogenate 
of oocytes that had been injected with total lens 
mRNA. Then increasing amounts of purified lens pro­
teins were added. Maximal precipitation of radioac­
tive lens protein was obtained when the carrier lens 
protein was present in half-saturating amounts with 
respect to the amount of antiserum This is shown in 
Aulorad ograph 
ocB2· l -
o t A , -
,-
І 
Fig. 1 Elei trophoretic analysts of microinjei led oocytes After the injection of the mRNA (see Experimental Procedure) oocytes were labeled 
with [35S]methionine for 16 h and analyzed on a slab gel For the purpose of identification the positions of crystallin polypeptides and globin 
(G) in the gel are indicated Oocytes were injected with (A) 25 nl water. (B) total lens mRNA (25 nl. 0 2 mg/ml). (C) 10-S lens mRNA 
(25 nl. 0 2 mg/ml). (D) 14-S lens mRNA (25 nl. 0 2 mg ml) and (E) 9-S rabbit globin mRNA (25 nl. 0 2 mg/ml). A gel with ot-crystallm (F). 
two classes of ^-crystallin (G. H) and y-crystallin (I) was stained with Coomassie brilliant blue 
ss 
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Fig. 2 Quanfiíalive ¡mmunoprecipilalion ojccAz-iryslallin (A) O 5 mi 
of lysate of oocytes, which had been injected with total lens mRNA 
and incubated in Barths medium with [3!S]methionine and homo-
genized as. described in Experimental Procedure was mixed with 
0 05 ml rabbit antiserum raised against α-crystallm Different 
amount;» of carrier a-crystallm were added Radioactivity ( · - · ) 
and protein content (O- O) of immunoprecipitates were deter­
mined as described in Methods The arrow indicates the amount 
chosen for quantitative immunopreupitation in (B) Linearity of 
immunoprecipitation was tested by mixing, m different ratios, a 
lysate of oocytes, injected with lens mRNA. with a lysate of non-
injected oocytes 
Fig. 2A for aAa-crystallin, but similar results were 
obtained for the β and y-crystallin polypeptides (data 
not shown). When lysates of oocytes injected with 
lens mRNA were mixed with lysates of non-injected 
oocytes in different ratios, the radioactivity present 
in the immunoprecipitates was directly proportional 
to the mixing ratio. This was found not only with 
antiserum against aAj-crystallin (Fig. 2B), but also 
with the translation products of 10-S mRNA, name­
ly /ï-crystallin (data not shown) and y-crystallin 
(Fig. 3 E — J). A second immunoprecipitation, per-
formed on the supernatant from the first immunopre-
cipitation, always contained less than 5 % of the radio-
Table 1 Effittency of immunoprecipitation 
Oocytes were injected with lens mRNA and labeled with [35S]-
methiomne for 20 h Oocytes were then homogenized and processed 
for immunoprecipitation as described in Methods Conditions for 
quantitative immunoprecipitation were determined as in the legend 
to Fig 2 0 7 ml oocyte lysate was immunoprecipitated after addi-
tion of 2 pg a-crystallm and 0 1 ml antiserum or 4 μg /í-crystalhn 
and 0 35 ml antiserum or 4 μg y-crystallin and 0 1 ml antiserum 
Antiserum directed 
against 
aAj-crystallm 
/J-Cryslallm 
y-Crystalhn 
"S-labeled protem/oocyte 
input 
counts/ 
57740 
57740 
57740 
first 
immuno­
precipitation 
nin 
3600 
2750 
5000 
second 
immuno­
precipitation 
120 
no 
175 
W,-I0" J 
Fig.3. Ek'ctrnphoretu analysis of immunoprecipiiates Oocyte-denved lens proteins were analyzed by quantitative immunoprecipitation 
with antiserum specific for aA^-crystalhn (A. B). /i-cryslailm (C. D) and )-crystallin ( E - J ) Immunoprecipitates of oocytes injected 
with water (A. Ü. E) or lens mRNA (В. C. F —J) are shown Immunoprecipitation of >-crystallin was performed with mixtures in 
different ratios of lysates of oocytes injected with water or lens mRNA (E —J) The ratios are the same as used in Fig 2 В for aA^-crystallm 
antiserum The amount of immunoprecipitated material was directly proportional to the mixing ratio Conditions of immunoprecipitation 
are as described in Table 1 
89 
F Λ M Abselbergs W J Van Venrooij and H Bloemtnddl 
activity of the first one (Table 1) indicating that more 
than 9S°0 of the translation product is precipitated 
in a one-step procedure and thus that the immuno-
precipitation is quantitative It was also possible to 
use the supernatant of the hrst immunoprecipition 
for the detection and quantification ot a second pro­
tein 
Under these conditions of quantitative immuno-
precipitation onl> 0(A2-cr>stallin was precipitated with 
the otAi-crystallin antiserum (Fig IB) demonstrating 
the specificity of the precipitation reaction In the 
immunoprccipilate with antiserum against the /?-
crystallin fraction (Fig 3C) a number of bands were 
seen, all with typical ^-crystallin mobility [25 ] The 
faint fast-moving band probably represents aA:-
crystallm because the antiserum used showed a trace 
of activity against this protein Immunoprccipitation 
of 5 crystallin revealed the presence of one major 
and two minor bands (hig IE —J) 
Dow-Responw Rtluttomhip of Translation 
oj L\ogerwu\ mR \A m Xenopus Or« ι les 
One of the most characteristic features of a trans­
lation system is the amount ol mRNA needed to ob­
tain maximal response Increasing amounts ot puri­
fied 14-S ïAî-crystallin mRNA were therefore injected 
and the amount of iA2-crystallin synthesized was mea-
sured by quantitative immunoprccipitation (big 4B) 
Maximal aAj-crystallm synthesis was obtained at 
about l l - H n g mRNA oocyte, while total oocyte 
protein synthesis remained more or less constant 
(Fig 4A) A similar dosc-rcsponse curve could be 
obtained for 9-S globm mRNA (Fig 4C) In this case 
7 — 8 ng was needed for maximal globin synthesis 
The absolute amounts of translation products are not 
comparable, since oocytes were labeled with [3,5]-
methionme in the case of ïAi-crystallin mRNA and 
with [3H]histidine when globin mRNA was injected 
Kinetics of mRNA Translation m Oocytes 
mRNA micromjecled mio ooey tes is not translated 
immediately at maximal rate as is the case in most 
cell free systems In an oocyte, translation activity of 
the injected mRNA rises for some hours until a plateau 
of maximal rate of translation is reached The rate of 
translation may then remain constant for periods up 
to two weeks in the case of stable mRNAs [6] In our 
experiments injected oocytes were labeled for 4-h 
periods at various times after injection of the mRNAs 
(Fig 5) Both aAi-crystallm mRNA and globin mRNA 
were already translated at maximal rate during the 
labeling period between 4 and 8 h after injection 
They were completely stable for at least two days 
In another experiment longer incubation times up to 
four days were used with essentially the same results 
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mRNA (ng/oocyte) 
Hg 4 Dose гі\ропче retariomliip of mR \ 4 iran\tatwn Ooi.>icswere 
mjcLted wiih diflcrcni amounls ol IA S lens mRNA (A B) or 9 S 
globin mRNA (( ) dnd Libeled for 18h wiih ("S/mclbionine or 
[3H]histidinL respectively Total oocyte proiun synthesis (A) лач 
measured as described in Method* Ί he amount οΓ χ A* ігуьі «Hin 
synthesized was measured by quantiialive immunopreupitaiion 
Globin synthesis \ аь assayed by détermination of the radioactivity 
in the globin band of a Polyacrylamide gel 1 he amount of specific 
polypeptides synlhcsi/ed is expressed as a percentage of total acid 
preeipitable ndioaclivity In control oocytes that had not been in 
jectcd with globin mRNA a small amount (0 5 " J of ndioaclivity 
migrated in the globm region of the gel This background has been 
corrected lor in (C) 
Translational Ffpciency of 14-S хАг-Сгу stallm mRNA 
Transldtional efficiency can be cslimated in oocy­
tes, provided that the specific activity of the intra­
cellular amino acid pool is known In our case the 
specific activity of leucine and hislidme pools was 
estimated using the total ammo acid content of stage 
V oocytes cultured in amino-acid-frce medium, which 
very likely is identical to the kinetic pool [9] Such a 
procedure has also been applied in the case of globm 
mRNA [2] and ovalbumin mRNA [11J Data on trans­
lational efficiency of 14-S mRNA are given in Table 2 
and compared with similar dala on globin mRNA 
The translational efficiency of both mRNAs was very 
similar, although the estimates varied considerably 
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between cxperimenls In a second type of experiment 
bolli mRNAs were bimullaneously injected into the 
same cells (Table 2. expt C), which were then labeled 
with leucine In such experiments translational effi-
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Time after Injection (h) 
Fig 5 KmctiL* of irtimlanoti of rtiR\A in Xenopus oocitft 5 ng 
14 S lens niRNA v. is injetled into ootvtcs (Λ) BAtchts of 10 
oocytes weru labeled for 4-h periods with ["SJmelhionmi. at diDcrcnt 
limes alter injctlion The middle of the labümg period hds been 
indicated in the ligure SimiLirK oocytes injeiled with 5 ng globin 
mRNA were labeled with [3H]hibtidinL (B) Translation was mea 
sured as described in the legend of big 4 
ucncies can be compared under identical conditions 
In view of the saturation cITect obtained in other ex-
periments it is important to note that in experiments A 
and С both mRNAs were tested in a concentration 
range where the amount of translation product corre­
lated linearly with the amount of mRNA injected 
(Hg 4) The results showed that both mRNAs were 
translated with roughly equal efficiencies 
DISCUSSION 
When total poly(A)-containing lens mRNA was 
injected into Xenopus oocytes a number of lens pro­
teins was synthesized (Fig 1) These proteins could 
be identified by a combination of immunoprccipita-
tion with antisera against o<, /J. and •,-crystalhns and 
gel electrophoresis With antiserum raised against 
total z-crysljllin only the xAj-subunit was precipitated 
(Fig ЧВ) Other newly synthesized polypeptides could 
be identified as /i-cryslallins or ,-crystallin (Fig 1) 
The 14-.S fraction of lens mRNA produced зАг-
cryslallin exclusively and this polypeptide, as expected, 
was absent after translation of 10-S mRNA (Fig 1) 
This confirms previous results obtained by Berns 
et al [1] 
In order to measure crystallm synthesis in a quan­
titative way, a method was developed lor direct im-
munoprccipilation of dtflcrenl crystallm classes from 
oocyte lysalcs This method involved homogemzation 
of the ooey tes w ith the aid ofdetergenls, since it appear­
ed to be impossible otherwise to solubihze the trans­
lation products completely In our procedure aspecilic 
Table 2 f-fjitiemi of tгшпіаінщ ofmRWAs m Xenopus OOCMCS 
The amounts ol mRNA are given assuming no leakage or breakdown ol mRNA in a separate experiment, lodmated mRNA was 
injetted and 98 ± 6 0 0 of the radioactivity could be recovered from the oocytes after a 6 h incubation period (Assdbcrgs unpublished 
results) The amounts given on a molar basis assume a molecular weight of 5I00OÜ for 14 S Ί\2 crystallm mRNA [27] and of 20001)0 for 
globin mRNA Resulti given within brackets were obtained from a duplicate experiment with ooc>tcs from the same Хіпорич The 
average amino acid content of oocytes was measured from a perchloric acid extract Irom batches of 1000 oocytes from three different 
frogs after 12 h culture ш \itro Similar values for oocytes in culture were reported by Bravo et al [261 The spccihc activity is the total 
soluble radioactivity per oocyte calculated as described m Methods divided by the ammo acid content per oocyte The amounts of translation 
products were calculated remembering that jA ¿ crystallm contains 14 leucine residues and /ï-globin contains 18 leucine and 9 histidine 
residues In calculating the amount of polypeptide u was noted that only /4 globin mRNA is translated elTicicnlly m oocytes in the 
absence of hemm [5 6 9] (and our own observations) and it was assumed that /J globin mRNA makes up 41 " , of the polysomal mRNA of 
rabbit reticulocytes [40] 
Txpt 
A 
D 
С 
Injected 
mRNA 
14 S 
9-S 
14S 
9-S 
mRNA 
weight 
basis 
pg 
1125 
8100 
562 
2500 
oocyte 
- -
molar 
basis 
pmol 
0 0022 
0 0406 
0 0011 
0 0125 
Radioaclivity 
per oocyte 
incorporated 
Precursor 
ammo acid 
into translation 
products 
dis mm ' h ' 
2246 
2700 
325 (400) 
1363(1676) 
leucine 
histidine 
leucine 
leucine 
Amino 
acid content 
per oocyte 
pmol 
143 
203 
143 
143 
Specific 
aclivilv 
dis mm ' pmol ' 
3393 
1642 
1032(1432) 
1032(1432) 
Translation 
product 
per oocyte 
pmol h 
0 047 
0 426 
Polypeptides 
mRNA 
molecule l h 1 
21 5 
26 2 
0 022(0 020) 20 5(18 2) 
0 074(0 065) 14 7(12 8) 
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preLipitation is virtuall> absent (Tig 1) Ihcreforc 
our procedure appears, lo rcprcsenl an improvenKnl 
when (.omparcd Willi tlic direct immunoprecipitation 
used bv Berndgecl al [32] Al optimal toncenlralions 
ol the antiserum and the carrier antigen the immuno 
piecipnalion was shown to be linear with the input 
ol radioactive crwalhn (big 2B and 41 —J) and 
more than 9S ol the ladioaclive tianslalion product 
was precipitated It is therefore clear that this method 
can be used to t]uantil\ the amount of crystalhns 
svmhcsizcd in oocUes In tact il the proper anliseia 
arc available a wide varici) ol translation products 
can be monitored in oocytes using this melhod 
The translation ol purihed 14-S KAi-cryslallin 
mRNA in oocsles was compared with 9 S globin 
niRNA On a weight basis about twice as much 14 S 
mRNA was needed to obtain maximal /Aj-cryslallm 
synthesis relame lo ihc endogenous svnlhesis as was 
needed with 9 S mRNA however when the larger 
size ol the 14 S messcngei ( \l, 510000 cl 200000 lor 
globm mRNA [27]) is taken into account about 
4) , less 14 Ь mRNA was necessary on a molar basis 
One ol the possible explanations ol (his phenomenon 
nughl be that in our comparison the funclional 
amount ol globin mRNA was overestimated because 
lor example we did nol lake into account thai in the 
absence ol hemm the χ globin mRNA is hardly Irans 
Ulied in ooevtes (Table 2) Ol course absolute trans 
lalion levels would be dependent on oocyte size and 
probably other (physiological) conditions as well 
С omparison of the kinetics ol translation of both 
mRNAs showed that 14-S mRNA and 9-S mRNA 
were both stable lor at least two days It has been 
found that a poly(A) tiack of at least 42 adenyl resi­
dues is necessary to stabilize globin mRNA in oocytes 
[28] 14 Ь yts.1 crystallm mRNA contains a poly(A) 
stretch ofabout 50— 100adenyl residues |29] and there 
fore would be expected to be stable in oocytes 
It was estimated that each hour about 20—30 
polypeptide chains were coded for by an injected 
mRNA molecule (Table 2) It was concluded that 
the elhciency ol translation of 14-S sAi-crystallin 
mRNA was at least equal or perhaps slightly better 
than globin mRNA translation Ourdon [30] lound 
a rale of 20 /i-globm molecules (molecule mRNA) ' 
h ' and the synthesis of 10 ovalbumin molecules 
(molecule mRNA) ' h ' was reported by Chan el al 
[II] who used the same estimation method of Iransla-
tional efficiency as used here brom these data u 
seems that when mRNAs from different specialized 
eukaryolic cells are injcclcd into Xcnopui oocytes, 
all arc translated with more or less the same efficiency 
Quantitative studies on mRNA translation m oocyies 
have been restricted to a very limited number of 
mRNAs partly because a geneial method of quantifi­
cation of the translation products was not available 
The procedure of quantitative immunoprecipitation 
presented here might solve this problem 
T h c c iiuLstig liions h ive pjrll> been cirriLÜ oui under luspices 
of lln. NuhcrhmK I ound ilion for С hemic И Kestardl (Ь О S ) 
mil wnU и ш т к и і nd from 111*. Nuhert inds Orami/uion lor UK 
\d\ 1n4.m1.nl ol Pure Rtsclrch ( / W O ) We ihmk Ml« M 
Koopm ins lor skilful tcehincdl issislmn. Dr 1 Lollen lor a i-llt 
ol H S lens mRNA ind Prol t- kal/ loi ernie il reading of Ihe 
m inusenpl 
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Messenger RNA Competition in Living Xenopus Oocytes 
bred A M ASbH-BLRCS Wallher J VAN VtNROOU and Плпч BLOI MFNDAL 
Biothcmisth Laboratorium Katholieke Universiteit Ni)mceen 
(Received October 10 1978) 
When talf lens cryslallin mRNA and rabbil globin mRNA are competing for factors limning 
protein synthesis in living Xenopus oocytes no mRNA species is preferentially selected for translation 
Differences in the intrinsic translational efficiency of the mRNA species exist but the relative effi 
ciencies are the same at high and low mRNA concentrations mRNAs already being translated, in 
particular endogenous oocyte mRNAs, are less sensitive to competitive inhibition by injected 
mRNAs As injected mRNAs gradually become incorporated into the protein synthesizing 
machinery of the oocyte, they acquire the same status as the oocyte's own active mRNAs Exogenous 
mRNAs thus become endogenous mRNAs 
These results, together with previous estimates of the translational efficiency of injected 
heterologous mRNA species, are compatible with the assumption that a large proportion of the 
endogenous mRNAs is not competing for the translational apparatus of the oocyte and, therefore, 
probably is present in a temporarily inactivated form 
Xennpus oocytes can be microinjccted with con­
trolled amounts of mRNA and thus provide an ex­
cellent system to study how protein synthesis is regu­
lated in an intact eukaryotic cell [1] Microinjected 
mRNAs, for example those coding for duck [2] or 
rabbit [3] hemoglobin polypeptides or for calf lens 
аАг crystallin [4,5], are very efficiently translated in 
oocytes, but they do not increase the total amount 
of protein synthesized by the oocyte [2,3,5] Protein 
synthesis of Xennpus oocytes, therefore, is limited by 
some component of the translational apparatus and 
not by the mRNA [3] Unlike the situation in many 
eukaryotic cells, mRNA translation in oocytes is not 
regulated at the initiation step of protein synthesis 
(more accurately, the ribosome binding process), nor 
does the elongation of polypeptides limit protein syn­
thesis in oocytes These conclusions can be deduced 
from the observation that an increase of the amount 
of microinjected globin mRNA did not lead to a shift 
in the size of the globin-synthesizing polyribosomes [6] 
The factor limiting and thus regulating protein syn­
thesis in oocytes, therefore, either affects initiation 
and elongation of polypeptides simultaneously or 
influences the recruitment [3] of the mRNA for pro­
tein synthesis The pioneering work of I askey and 
coworkers has already shown that this limiting factor 
is a normal component of the polyribosomes The aim 
of the present series of experiments was to verify 
whether or not the regulatory factor(s) display(s) a 
selectivity for certain mRNA species 
MATERIALS AND METHODS 
A tritium-labeled mixture of 15 amino acids was 
purchased from the Radiochemical Centre, Amersham 
Microinjection of purified rabbit globin mRNA and 
calf lens mRNA into Xenopus laevis oocytes as well 
as the assay of their respective translation products, 
have been detailed previously [5] Amounts of mRNA 
injected (expressed as ng/oocyte) are not corrected for 
the sizes of globin mRNA (9 S) or lens mRNA (10-
14 S) Translation products from batches of 10 oocytes 
were quantified and expressed as counts mm " ' /oocyte 
RESULTS AND DISCUSSION 
Time Course of Translation of Microinjected mRNAs 
When mRNAs are injected into Xenopus oocytes, 
maximal rates of translation are only reached after 
several hours [5,7,8] Since a very slow rate of estab­
lishment has been found for 30-S vitellogenin mRNA 
relative to that of 18-S serum albumin mRNA [8], 
it was suggested that the rate of establishment is a 
function of the size of the mRNA In our experiments 
maximal translation of the calf lens crystallin mRNAs 
occurred after about 7 h (Fig 1 B) aAi-crystallin, the 
major 20000-Λί
Γ
 lens polypeptide, is coded for by an 
exceptionally large mRNA (14 S) [9], as compared to 
10-S mRNAs coding for other 20000-M, polypeptides, 
for example the β and y-cryslallin subumts [10] How-
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Fig 1. AÍÍÍC íV iramlülion of mlcrobijet Ічі mR\A\ m Xcnopus UL-VIS Out \h \ OÜLVICS were labeled for 1-h periods with 0 5 mCi ml I-[ ,SS]-
mctliiomncfA, B) or l^[3H}h¡Stídmc (C) al various limes after injection of the mRNA Calf lens and rabbit globin nlRNAs were isolated as 
described earlier [5] (A) Aud-prccipitablc radioactivity of oocytes injected with 5 ng lens mRNA (B) Synthesis of the various types of lens 
crystallins was measured by quantilalive immunoprecipitalion [5] and expressed as percentage of the total radioactive protein (C) Rabbit 
globin synthesis in oocytes injected with 5 ng 9-S mRNA was assayed by Polyacrylamide gel electrophoresis [5] and is expressed as 
percentage of the total radioactive protein (about 54000 counts nun per oocyte) The time at which 50°,. of maximal translation was 
observed, и о is indicated (Data of Л and В were obtained with oocytes from a difieren! frog than the data of C) 
ever, translation of the large î(A2-crystallin mRNA 
occurred with similar kinetics to the translation of 
the smaller lens mRNAs (Fig. 1 B). Rabbit globin 
mRNA (9 S). which in the absence of hemin was 
translated mainly into /?-globin [11]. reached its maxi-
mal rate of translation 6 h after injection (Fig. 1С). 
The rate of establishment of all our mRNA species. 
therefore, is comparable to that reported for serum 
albumin mRNA [8]. While translation of the exog­
enous mRNAs increased with time, a concomitant 
decrease in the translation of the oocyte endogenous 
mRNAs was observed, resulting in a constant rate 
of total protein synthesis (Fig. 1A). Apparently after 
about 6 - 7 h an equilibrium has been established 
between exogenous and endogenous protein synthesis. 
π 
endogen cus 
proteins 
crystallins 
J globin 
Sum.llamous Injection of Two mRNA Species 
In another kind of experiment a constant amount 
of one mRNA species was injected together with a 
varying amount of a second mRNA species. Oocytes 
were labeled for 12 h starting 6 h after injection. In 
order to label all newly synthesized proteins to a 
comparable specific activity, a mixture of radioactive 
amino acids rather than a single amino acid was used 
[3]. The radioactivity present in different regions of 
a Polyacrylamide gel. specified in Fig. 2. was directly 
measured in a liquid scintillation counter [5]. Inter­
pretation of the results of this type of experiment 
focuses on three aspects, as follows. 
Exogenous mRNAs versus Endogenous mRNA. As 
reported by others [3], synthesis of all endogenous pro­
teins was equally affected by the injection of foreign 
mRNAs (Fig.2). Therefore, the inhibition of the 
α Ь 
Fig 2. Translation of rahlm ghhin ami calf lens mRNAs, Oocytes 
were miLroinjetted with 4Ü nl distilled water (a) or with 6 ng lens 
mRNA plus 5 ng globm mRNA (b) Oocytes were labeled for 12 h 
starting 6 h after injection with 0 5 mCi ml 3Н-1аЬеЫ L-amino 
acids (Radiochemical Centre. Amersham). homogeni/cd and 
subjected to dodecytsulphate Polyacrylamide gel electrophoresis 
as detailed previously [5] Positions of representative' oocyte 
proteins (see text), lens crystallins and globin are indicated 
synthesis of a group of oocyte polypeptides, which can 
be well separated from the translation products of 
globin and lens mRNA. is representative for that of 
all oocyte polypeptides {Fig. ЗА and F). Some batches 
of oocytes translate exogenous mRNAs much better 
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f-ig 3 Сітірсічюп helwci'n xlobin Un\ und αΐίΙοχιΉυΐΗ inR\A\ OotytCi легс microiniected with 5 np rabbit globm mRNA plus inLredung 
amounts of lens mRNA (A —D) or with 6 ng lens mRNA plus increasing amounts of globm mRNA (fc -H) Labeling prucedures were as 
desLribcd in the legend to Fig 2 Incorporation into lolal protein (А Γ · · ) was measured as radioactivity prccipitable with trichloro­
acetic acid The newl> synthesized proteins were also subjected to dudecylsulphate'polyacrylamide gel electrophoresis as in f-ig 2 and 
the radioactivity present in the indicated regions of the gel was measured as prcviouslv desenbed [S] The proteins referred to as endogenous 
( A b o O) arc oocyte polypeptides with W, larger than 40000 Incorporation values for lens crystallms (П, Г о - О) and globin 
(В, 1- · · ) have been corrected for comigraung endogenous proteins of the oocytes Crystallm synthesis (C, G О - О) and globin 
synthesis (C\ G · · ) have also been expressed as a function of the synthesis of endogenous proteins with Л/, larger than 40000 The ratio 
crystallms globin synthesized (D H) is plotted against the ratio lens mRNA globin mRNA (indicated on top of the figure) The data shown 
in this figure and in big 4 were obtained with sibling oocytes 
than other batches [1 ] Such oocytes are colloquially 
referred to as 'good' oocytes Fig 2 and 3 depict the 
results obtained with such 'goodOocytes For example, 
in Fig 3 G the ratio globin,endogenous protein reaches 
a maximum of 0 4, whereas with oocytes obtained 
from a different frog, which were injected with the 
same mRNA mixtures, a maximal ratio of only 0 03 
was reached ('bad' oocytes) Similarly values of 1.6 
and 0 16 were obtained for the maximal ratio lens 
crystalline/endogenous proteins However, the general 
form of the competition curves of the two exogenous 
mRNAs (Fig 3C and G) was exactly the same in 
both 'good' and 'bad' oocytes The main difference 
between these oocytes, therefore, seems to be the 
extent of inhibition of the endogenous protein syn­
thesis, which in 'good' oocytes may reach up to 70% 
(Fig ЗА and E), but in 'bad' oocytes only 20 — 30% 
(not shown) In all batches of oocytes endogenous 
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Fig 4 Сотрепіне inhtbtlwn of Iramlatton of dillirent leni nift\As 
b\ f'hhm mRbA Oocytes were injected with a constant amount of 
lens mRNA dnd increasing amounts of globin mRNA as in Hg 3 
(f- — H) Ncwjy synthesized lens crystjilms were quantified by 
immunoprecipitation with antisera to Ϊ Α ( · - · ) /f (О O) and 
ζ crystallin ( x - x ) respectively [S] The sum of the three 
immunoprccipitatcs is shown in (A) whereas in (B) radioaclivitv in 
each of the immunoprecipitales is expressed as a percentage of 
the sum (The oocytes used in this experiment were obtained from 
the same frog as in Fig 3) 
protein synthesis was inhibited by the translation of 
the foreign mRNA Our results thus confirm the ab­
sence ofa large spare translational capacity in amphib­
ian oocytes 1 he concept ofa spare capacity for mRNA 
translation was originally introduced by Gurdon's 
group [12], but rejected in a more recent paper [3] 
One l· xogenousmRNA vm«j Another The amount 
of crystallm produced per mRNA molecule was con­
sistently several times higher tnan the amount of globin 
synthesized per mRNA molecule (tf the right and 
left-hand scales of Fig 38 and F) Both mRNA 
preparations contain apparently an equal content of 
functional molecules, as judged from mRNA satura­
tion experiments in an mRNA dependent reticulocyte 
lysale [13] The difference may partly be caused b> 
the reduced efficiency of the a-globm mRNA trans­
lation in oocytes, when injected without hemm [11] 
Only about 20% of the s>nthesi7ed globin was found 
to be α-globin (data not shown), while the эс-globm 
mRNA constitutes about 60°0 of the globin mRNA 
isolated from reticulocyte polyribosomes [14] But 
even if this is taken into account, a 2 — 3-told difference 
in efficiency of translation between β globin mRNA 
and the mRNAs for the (aAj, fi, y) crystallins re­
mains A similar dilTerence has been reported previ­
ously by us, when the translation of β globin mRNA 
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Fig S Subsequent in/etlion of tiro mR\A\ into Xenopus ootxns 
(A) Oocytes were injected at / = 0 with 25 nl calf lens mRNA 
(0 2 mg ml) and at the times indicated with either 25 nl distilled 
water ( · · ) or rabbit globin mRVA (2 mg ml) (О O) 
Oocytes were labeled with 3H labeled t amino acids for 6 h starting 
from t = 28 h translation products were subjected to dodecyl 
sulphate Polyacrylamide gel electrophoresis and incorporation 
into a representative group of oocyte proteins (those with M, larger 
than 41)000) is shown in the figure (D) The preferential inhibition 
of crystallm synthesis as a function of the lime of the second injection 
(globin mRNA) The preferential inhibition is defined as the de 
crease in the ratio of the crystallm synthesis to the synthesis of the 
rcprcscnlalive oocyte proteins caused by the presence of globin 
mRNA rather than just water in the second injection Therefore 0 o „ 
inhibition in (B) implies an equal degree of inhibition of the lens 
crystallm and oocyte endogenous protein synthesis (The oocytes 
used in this experiment were obtained using a different frog than in 
Fig 3 and 4 and Tabic I) 
was compared with the translation of simultaneously 
injected 14-S aAi-crystallin mRNA [5] Co-injection 
of increasing amounts of lens mRNA with the globin 
mRNA decreased the synthesis of globin by the 
oocytes (Fig 3B) In the reverse experiment crystallm 
synthesis decreased when lens mRNA was injected 
together with increasing amounts of globin mRNA 
(Fig 3F) Such a competition of two exogenous 
mRNAs in oocytes has also been demonstrated by 
Gurdon's group [1,3] We also found an almost linear 
correlation between the input ratio (globin mRNA/ 
lens mRNA) and the output ratio (globin/crystallms) 
(1 ig 3D and H) Apparently {ß )globin mRNA and 
lens mRNA in oocytes compete for a factor which 
docs not discriminate between these mRNA species 
Furthermore, the factor also does not discriminate 
between the different species of lens mRNA, since 
the ratios of ιΑ.2,β and -,-crystallm polypeptides, 
assayed by quantitative immunoprecipilation [5], re-
97 
Ь A M Asselbcrgs W J van Venrooij and H Bloemendal 
Fíible 1 Subuquent tnicctum of two mR\ 4s into Xenopus ooi\te\ 
Oocytes were injected vwth mRNAs I ibelcd and subjctied to gd electrophorebis as indicated in Fig 5 (oocytes wert taktn from a diflercnt 
frog to the one used in Pig S) from incorporation values for ihe (.rystallin and the globin regions of the gel mcorpor ttion due to the 
synthesis оГ oocyte endogenous protuns of similar size h Ü been subtraLtcd Values for endogenous proteins include those comigr itmg with 
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mained constant during compétition with globin 
mRNA (Fig 4) 
One I \ogenou4 mRNA \ersus Endogenous mRNA 
piusa ЧісотІ b\ogínoití mRSA bxogenous mRNA 
decreases the rate ol ti anslation of endogenous mRNA 
(Fig ЗА and F) It abo decreases the translation of 
a second exogenous mRNA (Fig ÌBandF) However, 
it appears that translation of exogenous mRNAs is 
inhibited to a greater extent than the translation of 
endogenous mRNAs This is illustrated most clearly 
in the experiment depicted in Fig 3C In this experi-
ment the ratio globin endogenous protein is decreased 
as a result of the cotranslation of increasing amounts 
of lens mRNA It thus appears that the micromjecled 
mRNAs arc more sensitive to competitive inhibition 
than the endogenous mRNAs 
Subuquent Injection ofTno mRNA Species 
Il a specific factor limits protein synthesis in 
oocytes, microinjccted mRNAs probably have to 
acquire it in order to become translated As judged 
from the time course of translation (Fig 1) this pro-
cess, perhaps influenced by physical parameters (dif-
fusion') takes about 6 h While the rate of translation 
of the micromjecled lens mRNA increases, Us sensi-
tivity to competitive inhibition by globin mRNA 
injected afterwards decreases gradually (Fig SB) In-
itially translation of lens mRNAs is inhibited much 
more by globin mRNA than the translation of endog-
enous mRNAs When the globin mRNA is injected 
6 h or more after the lens mRNA, crystallin synthesis 
and endogenous protein synthesis are inhibited to an 
equal extent Generally, the second mRNA (globin 
mRNA) was less efficiently translated when injected 
long after the first mRNA (lens mRNA) (Table 1) 
From these double-injection experiments, it appears 
that the initial discrimination between endogenous 
and exogenous mRNAs is not a discrimination be-
tween amphibian and mammalian mRNAs, but rather 
between mRNAs already translated and mRNAs yet 
to be translated After establishment of the injected 
mRNAs and their incorporation in the protein syn-
thesizing machinery of the oocyte they have acquired 
the status of active endogenous mRNAs 
Comparimentalion ofOoiUe mRNAs 
More than 90°,, of the polyadenylaled mRNA of 
fully grown Xinopus oocytes is found associated with 
proteins in the postribosomal supernatant, while less 
than 10 "„ is engaged in protein synthesis |15] This 
store of mRNA is apparently mobilized during em-
bryonic development which may proceed up to the 
gastrula stage in absence of additional RNA syn-
thesis, while protein synthesis increases several fold 
during this period [16] If the subcellular distribution 
of injected mRNA molecules (after establishment of 
the equilibrium) were to be similar to that of the 
endogenous mRNAs of the oocyte, likewise only about 
10°0 of the injected mRNA would be incorporated 
into polyribosomes and be translated However, the 
translational efficiency (expressed as polypeptides h ' 
mRNA molecule) of several mRNA species injected 
in oocytes, among them rabbit globin mRNA [1,5] 
calf aA2-cryslallin mRNA [5] and chicken ovalbumin 
mRNA [17], was found to be very high In fact, the 
efficiency of translation in oocytes was close to the 
efficiency observed in Ihe cell type of origin of these 
mRNAs at reduced temperature [1,17] (oocytes are 
incubated at 19 CC) The latter observations are most 
readily explained by assuming that a large part of the 
oocyte s endogenous mRNAs arc not competing for 
the limited capacity of the translational apparatus, 
because they are present in the cytoplasm m a form 
which in some way is temporarily inactivated [15,18] 
The outcome of the type of competition experiments 
described above should then be interpreted as resulting 
from a competition of the injected mRNA with a 
restricted subclass of oocyte mRNAs which are avail-
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able for transldlion Variations m the size of the pool 
of competing endogenous mRNAs between diflerent 
batches of OOL>ICS could explain the dilTerence be­
tween 'good' and 'bad' oocytes 
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CAP ANALOGUES DO NOT INHIBIT mRNA TRANSLATION IN 
XI SOPLSIATVIS OOCYThS 
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1 Introduction 
ιιΓ(ι5'ρρρ5'Ν, the cjp of cukjryotic mRNA is 
thought to serve τ dual lunction It protects the mRNA 
against S exomideol) tic degradation [1 2] ind it 
pla>s a role dining the initiation of protein synthesis 
(reviewed 13]) Protection against nucleases has been 
deiiionstr.iled using mici oiniection into Yenopus huis 
(Кіс> іеь [Ij which most closely resembles m vivo 
mRNA transi mon On the other hand requirement 
01 the cap for initiation of protein synthesis Ins only 
been demonstrated in vitro [3] However, in some 
cell free systems the requirement of the cap is not 
absolute [4 7] and it has, thcrclore, been suggested 
ilia' the cap only facilitates initiation of protein 
synthesis 
In this study an attempt was made to block initia 
tion of protein synthesis in Xenopus oocytes by 
microinjection ot cap analogues into the cell Cap 
analogues can specifically inhibit translation ot cap 
bearing niRNAs in a wide vanety of cell free systems 
[8 Π | provided that the experiments are performed 
at physiological concentrations ot K* [14,15] How­
ever in oocytes endogenous protein synthesis and 
translation of exogenous mRNA were unaffected by 
the presence of cap analogues 
2 Materials and methods 
2 1 Materials 
Cap analogues, m7G5'p and in7G5'ppp5'G, were 
products from Ρ L Biochemicals, Milwaukee Molarity 
of m7G5'ppp5'Gwascalculated from theabsorbance 
assuming e20„ = 20 Χ IO
1
 [6] ΓΝMethionine 
(380 ( i/mmol) was purchased I toni the Radiochemical 
Centre Amersham 
2 2 Translation oj mRNA m Xenopus oocytes 
Isolation ot poly(A)t mRNA from cilf lenses and 
of rabbit globin mRNA has been described [14] 
Altalfa mosaic virus RNA4 was a generous gift of 
Dr L van Vloten Doting (State University of [.eiden) 
Microinjection of inRNAs into Xenopus laevis oocytes 
and subsequent quantitation of the translation 
products have been described [16] 
3 Results 
3 1 hlfecto] ιηη(ι5'ρ on oocyte protein synthesis 
At first an attempt was made to block initiation of 
endogenous protein synthesis of oocytes by injecting 
increasing volumes of an ni7G5'p solution (fig 1) 
However, the interpretation of this type of experi­
ment was complicated by a stimulation of the incor 
poralion of radioactive methionine into oocyte 
proteins by the mere injection of fluid (fig 1 A) This 
phenomenon was not restricted to methionine, but 
was also observed when other amino acids (leucine, 
hislidine or a mixture of 15 amino acids) were used as 
precursor Apparently the effect is primarily due to 
an increased uptake of radioactive ammo acids by 
the oocytes, in particular since incorporation into 
protein, when expressed as % radioactivity present 
in oocytes, is stimulated much less (fig IB) 
The injections resulted in final m7G5'p < 1 5 mM 
inside the living oocyte However, no significant 
Elsevier ¡North Holland Biomedical Press 
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I ιρ 1 Innucnccofm'CjS'paml aurinlricarboxylu- auil un Xcnopus (>oc> te protein synthesis (A) Ггкіііогоассііс acid precipitable 
radioactivity (alter alkaline strippine of IR NA) of oocytes injected with mere lung volumes of water ( · · ) 30 ni\1 m'CS'p 
(o- - r) and 20 mM aunntnearbox) hi. acid (X X) (B) Acid precipitable radioactivity ol oocytes expressed as 'Ί of total (i e acid 
soluble plus insoluble) radioactivity m order to correct for sanations in the uptake of radioactive amino acid trom the medium 
Oocytes were labeled lor 6 h immediately after injection 
inhibition of oocyte protein synthesis was observed, 
in contrast to the inhibition observed after injection 
of dimntricirboxyhc acid (fig IB) 
3 2 EJfect of cap analogues on Iramlalion ofmiected 
mRNAs 
In a second series of experiments m 7 G 5 ' p was 
injected together with calf lens mRNA The synthesis 
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mM m Gb ρ 
of lens proteins (crystallms) can be measured very 
accurately by quantitative immunopreupilation [16] 
In thcbc experiments the injection volume was kept 
constant However, with 4 mM m 7 G 5 ' p , there was no 
obvious inhibition of either total protein synthesis 
(fig 2A,C) or the synthesis of lens crystallms 
(fig 2B,D) Also with the larger cap analogue 
m
7Cj5'ppp5'G, which mhibils protein synthesis in 
cell-free systems at 5 10 times lower concentrations 
than m 7 G 5 ' p [8,9,13], no significant inhibition was 
Iig 2 Influence of m'CS'p on translation of lens mRNAs in 
Xenopus oocytes (A) Oocytes were injected with 25 nl water 
containing lens mRNA (0 2 mg/ml) and various amounts of 
m'GS'p and were labeled for 4 h immediately after injection 
Intracellular concentration ol the cap analogue was calculated 
assuming a 1 μΐ oocyte volume Total ( · · ) and acid-
prec-ipitable (o- - -j) radioactivity of oocytes was measured 
(B) Radioactive lens crystallms were quantitatcd using sub 
sequent immunoprccipitalions with antisera against αΑ-, β-
and γ-crystjUins respectively The sum of the radioactivity 
in the 3 immunoprecipitatcs is depicted in the figure (C) Acid 
precipitable radioactivity of oocytes was expressed as 7r total 
oocyte radioactivity (D) Newly synthesized lens crystallms 
as % acid-precipitablc radioactivity of oocytes 
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1 ig 3 Influence of m7Ci5 ppp5 G on translation of lens 
niRNAs in Xenopus ooty tes Sec legend of fie 2 Data were 
obtained Irom a dillerenl batch of ooc>tes 
observed (fig 3) Inhibition of mRNA translation was 
also not observed, wlicn any possible leakage ol 
m'GS'p out of the oocytes was prevented by the 
presence of an equal concentration of cap analogue 
in the oocyte culture medfum (table 1) Translation 
of niRNAs coding lor rabbit globin and alfalfa mosaic 
virus coat protein, which is inhibited completely by 
such concentrations of cap analogues in cell free 
systems [8 13,17], was in the oocyte unaffected by 
m
7 C 5 ' p (table 1) and m 7 G5'pppS'G (not shown) 
4 Discussion 
The cap analogue concentrations used in this study 
were sufficient to block the translation of all these 
mRNAs in an mRNA dependent reticulocyte lysate 
completely, as shown [ H ] Further, it has been 
demonstrated that in an untreated reticulocyte lysate 
(still containing the endogenous globin mRNA) 
α crystalhn synthesis was ~80% inhibited by 4 mM 
m
7 G 5 , p and globm synthesis - 6 0 % inhibited [18] 
In contrast, these concentrations of cap analogues 
Table 1 
I ffect of ni^CS ρ on translation ol dittcrcnt mRNA species 
Γχρ 
A 
A 
A 
A 
A 
A 
В 
η 
С 
С 
mRNA injected/ 
oocyte 
_ 
-
5 ng lens mRNA 
5 ng lens mRNA 
5 ng globin mRNA 
5 ng globin mRNA 
25 ng AMVRNA4 
25ngAMVRNA4 
5 ng globm mRNA 
5 ng globin mRNA 
mM m'OS ρ 
0 0 
10 
0 0 
1 0 
0 0 
1 0 
0 0 
10 
0 0 
5 0 
Acid prccip 
cpm 
79 270 
81480 
97 745 
68 255 
87 290 
71 970 
73 655 
55 815 
148 930 
151598 
radioact 
7r total 
520 
513 
520 
50 2 
55 8 
53 5 
nd 
nd 
nd 
n d 
I orclgn 
cpm 
-
6590 
4220 
2890 
2070 
18 265 
14 125 
22 575 
24 560 
translation product 
% acid precip 
radioact 
-
6 74 
6 48 
3 30 
2 88 
24 8 
25 3 
152 
16 2 
Water, 25 nl, or mRNA solution, sometimes also containing m7G5 p, was injected into oocytes which were 
then labeled for 6 h with [3SS]incthiomne (exp A,B) or ['HJhistidinc (exp C) Synthesis of lens crystalhns 
was assayed as m fig 2 legend and synthesis of rabbit globin and alfalfa mosaic virus (AMV) coat protein was 
measured by determination of the radioactivity present in the appropriate region of an SDS-polyacryl 
amide gel [16] Intracellular concentration of nTGS ρ was calculated assuming an oocyte vol 1 μΐ In exp 
А С m
7G5'p was also included in the oocyte culture medium at the supposed intracellular concentration to 
neutralize possible diffusion of tap analogue out of the oocytes 
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CHAPTER IV 
POST-SYNTHETIC FATE OF THE TRANSLATION PRODUCTS OF MESSENGER 
RNA MICROINJECTED INTO XENOPUS OOCYTES 
IV - 1 Post-synthetic fate of the translation products of 
messenger RNA microinjected into Xenopus oocytes 
A. Introduction 
B. Intracel lu lar local izat ion of heterologous translation products 
C. Proteolytic processing of primary translat ion products 
post-synthetic s tab i l i t y of translat ion products 
proteolytic cleavage of secreted polypeptides: pre-proteins 
proteolyt ic cleavage of poly-proteins 
D. Post-synthetic additions to the polypeptide chain 
glycosylation 
phosphorylation 
N-acetylation 
prolyl hydroxy!ation 
E. Post-synthetic assembly of multimeric proteins in oocytes 
F. Post-synthetic modifications not performed by oocytes 
G. Future applications of the oocyte system 
IV - 2 Post-translational assembly of lens g-crys ta l l in in 
the reticulocyte lysate and in Xenopus oocytes 
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IV-1 
POST-SYNTHETIC FATE OF THE TRANSLATION PRODUCTS OF HETEROLOGOUS MES-
SENGER RNA IN XENOPUS OOCYTES 
A: Introduction 
One of the advantages of the Xenopus oocyte system for the trans-
lation of heterologous mRNAs in comparison with cell-free systems re-
sides in the fact, that a number of post-synthetic modifications of the 
polypeptide chains also occur in a correct manner in oocytes, whereas 
they do not occur in the cell-free system. This article summarizes our 
present knowledge of the fate of the heterologous translation products 
in oocytes and attempts to give an outlook to future possibilities of 
this experimental system. A list of polypeptides known to be modified 
after synthesis in oocytes is given at the end of this article (table 1). 
B: Intracellular localization of the heterologous translation products 
The intracellular fate of a protein is not purely a function of its 
physical and chemical properties, but is probably also determined by its 
intracellular localization, as is perhaps best demonstrated by the 
example of vitellogenin. The yolk proteins of the Xenopus oocyte, 
lipovitellin and Phosvitin, are synthesized in the liver as a precursor 
polypeptide, vitellogenin, which is transported by the bloodstream to 
the ovary (reviewed in 1). Normally, vitellogenin is absorbed by the 
oocyte by pinocytosis and once inside the cell it is cleaved into lipo-
vitellin and phosvitin, which, are then incorporated into the yolk 
platelets (2). If, however, the normal cellular transport machinery is 
bypassed by directly injecting vitellogenin into the oocyte cytoplasm, 
the injected protein is not processed normally, but is degraded to amino 
acids, which are further metabolized (3). Now, if vitellogenin is 
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synthesized in the oocyte after injection of liver mRNA, the resulting 
translation product is processed normally. It is first phosphorylated, 
probably also glycosylated (the translation product has the same ap-
parent molecular weight as liver vitellogenin), and subsequently cleaved 
and incorporated into yolk platelets(4). It is reasonable to assume 
that correct intracellular localization is an essential prerequisite for 
correct processing of polypeptides. It is also conceivable that the 
cell is able to eliminate incorrectly localized proteins. Apparently 
the translation products of injected mRNAs are automatically inserted 
into the 'correct' subcellular compartment, since most of them are 
correctly processed (table 1). 
Polypeptides that are to be secreted from a cell, normally are 
transferred across the endoplasmatic reticular membranes, transported to 
the Golgi-apparatus and included in excretion vesicles, from which the 
content is then released from the cell by exocytosis (5). In oocytes 
injected with the encoding mRNAs, export proteins, like Xenogus^ vitel-
logenin, Xenopus albumin and guinea pig milk proteins, are inserted into 
membrane vesicles, whereas not-to-be-secreted polypeptides, like globin, 
have never been found in such vesicles (6). If albumin instead of its 
mRNA, is injected into oocytes it is not found in vesicles (6). It thus 
seems that the insertion into the vesicles is somehow connected with the 
synthesis of the polypeptide chain (7). 
C: Proteolytic processing of heterologous translation products in oocytes 
Post-synthetic stability of translation products 
Heterologous products of microinjected mRNAs are fairly stable in 
Xenopus oocytes. Globin synthesized in oocytes appeared to be 
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fig. 1 Post-synthetic stability of the lens crystaTlins in Xenopus 
laevis oocytes. 
Oocytes were injected with 1.3 ODp™ of lens polyribosomes, pulse 
labeled for 18 h with ( C) protein hydrolysate, transferred into medium 
containing unlabeled amino acids and incubated for the indicated chase 
period. Translation products from batches of 10 oocytes were quanti-
tated as previously described (9). (A) Total (i.e. acid-soluble plus -
insoluble) radioactivity of oocytes. (B) Trichloroacetic acid (TCA) 
precipitable radioactivity. (C) Trichloroacetic acid precipitable 
radioactivity expressed as percentage of the total. (D) Radioactivity 
quantitatively immunoprecipitated with antisera against αΑ-(· ·), 
β-(χ χ) and γ-crystallin (о о), respectively. (E) Immunopre-
cipitable radioactivity expressed as a percentage of the total trichlor­
oacetic acid precipitable radioactivity. (F) Radioactivity immunoprecip-
itable with antisera against αΑ-, e- and γ-crystallin expressed as a 
percentage of the total immunoprecipitable radioactivity. All values 
have been normalized to one-oocyte equivalents. 
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completely stable over a period of 18 h. (8). In a similar pulse-chase 
experiment the relative amount of the calf lens crystal lins measured by 
quantitative immunoprecipitation (9) dropped from 28% to 21% of the 
total oocyte protein over a period of five days (fig. 1). In these 
experiments a slow but definite turnover of the newly synthesized oocyte 
proteins was observed as well. In another study it was found that the 
average half life of the oocyte endogenous proteins is 73 h and that, as 
in most cell types, large polypeptides are degraded faster than small 
ones (10). The translation products of the viral RNA of several retro­
viruses (listed in table 1) are generally as stable as the oocyte's own 
proteins (Asselbergs, unpublished). The observation, that one of the 
viral proteins of Rauscher murine leukemia virus, ρ 30^ ", after being 
stable for 3 days, was completely degraded after 5 days, whereas two 
other viral polypeptides, p. 15^ ^ and p. 12^ ,^ were not degraded, 
indicates that selective degradation may occur in oocytes (11). In a 
pulse-chase experiment with oocytes microinjected with adenovirus mRNA 
only 20% of the 72 Kdalton single-strand - DNA - binding protein could 
be immunoprecipitated after a 24 h chase period, while other virus-
specific polypeptides appeared to be completely stable. The ssDNA-
binding protein appeared to be normally phosphorylated by the oocytes 
(F. Asselbergs, M. Salden and A. van der Eb, unpublished). 
Proteolytic processing of secreted polypeptides: pre-proteins 
The findings mentioned in the paragraph above implicate that the 
signal indicating that the polypeptide must be transferred across the 
reticular membrane, is also encoded by the mRNA. It has been shown that 
the NHp-terminal extremity of the export proteins which is rich in hydro­
phobic amino acids, is recognized by a tunnel-like receptor in the 
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reticular membrane, as soon as it protrudes from the ribosome (7). The 
growing polypeptide chain is then pushed through the membrane and as a 
consequence the growing polypeptide chain anchors the (poly-) ribosome 
to the endoplasmatic reticulum. In most cases, the NH^-terminal 'signal-
peptide' is clipped off very soon after the transfer across the mem-
brane. Even very shortly after synthesis virtually no proteins with 
'signal-peptide (mostly referred to as pre-proteins) are found (5). In 
contrast, 'pre-proteins' can be synthesized in cell-free systems which 
are devoid of membranes (5). 
Processing of pre-proteins in oocytes has been demonstrated for 
immunoglobulin 6, (12) uteroglobin (13, 14), pro-insulin (15), promit-
ellin (16, 17) and possibly the a-subunit of thyrotropin (18) (see also 
table 1). 
Maturation of many polypeptide hormones and some other export 
proteins as well involves a second proteolytic cleavage after the re-
moval of the pre-piece. This second cleavage occurs in most cells when 
the polypeptides enter the Golgi-apparatus (5). However, such a second 
cleavage, for example the conversion of pro-insulin to insulin (15) or 
of promitellin to mitellin (16, 17) has never been observed in oocytes. 
Proteolytic processing of poly-proteins 
It is part of the replication strategy of many (especially RNA) 
viruses, that the initial translation product of the viral RNA is a 
large precursor-polypeptide, from which by multiple proteolytic cleav-
ages several mature viral proteins are derived (19). Some non-viral 
proteins, such as corticotropin, lipotropin and ß-endorphin (20 and 
references therein), are also synthesized as parts of a single precursor 
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polypeptide. The example of the oocyte yolk proteins has already been 
mentioned above (1-4). Polyproteins of two classes of viruses, picorna-
viruses and retroviruses, have been shown to be processed in oocytes 
(table 1). 
Picornaviruses: 
Compared to the rate of processing of to be exported pre-proteins, 
which are completely processed within 5 minutes after synthesis (5), the 
rate of processing of Picornavirus polyproteins is slow. The precur­
sors, detected in infected cells, have half-lives of 5-10 minutes (21). 
Processing of the precursor polypeptides of encephalomyocarditis virus 
(EMC) has been demonstrated in oocytes (22, 23). 19 h after injection 
of the viral RNA some but not all of the virion proteins were detected. 
Some of the final cleavages, which normally occur during assembly of the 
virion, do also not oocur in a cell-free system programmed with polio-
virus RNA (24). Probably, EMC viral RNA can direct the synthesis of its 
own processing enzyme(s) in a cell-free system (25, 26). 
Retroviruses: 
The RNA-genome of non-defective type С retroviruses contains three 
cistrons, S'-gag-pol-env-S' (reviews, 27-29). The gag-gene encodes four 
viral structural proteins, which occur in the core of the virus particle 
and which are called the group specific antigen (gag-) proteins. 
They are initially synthesized as one precursor polyprotein. A genome 
size virusspecific mRNA, isolated from polyribosomes of infected cells 
directs the synthesis of the gag-precursor (30, 31). The virion RNA is 
also able to direct the synthesis of the gag-precursor in heterologous 
translation systems (27, 32, 33). The product of the pol-gene, the 
по 
viral RNA-dependent DNA-polymerase or reverse transcriptase, also occurs 
in the virus core, but in very low amounts. It appears to be synthe­
sized as an elongated gag-precursor that contains at the COOH-terminal 
side the reverse transcriptase, which is cleaved off during subsequent 
processing (34, 35). The elongation of the gag-precursor may be due to 
a low frequency of read-through of the stop codon(s) at the end of the 
gag-coding sequence by the ribosome (33, 36, 37). Alternatively the 
gag-pol polypeptide may be synthesized from an RNA from which the stop-
codon(s) has been eliminated by "splicing" (38). In the latter case it 
has to be assumed that the gag-pol mRNA is frequently encapsulated into 
virions, since the gag-pol polypeptide can be synthesized in vitro by 
translation of the viral RNA (33, 36-39). The envelope (env-) proteins 
are synthesized by a subgenomic mRNA containing primarily sequences from 
the 3' end of the viral genomic RNA (40). This subgenomic RNA is not 
encapsulated into virions (30, 42, 42). The envelope glycoprotein and 
the smaller non-glycosylated envelope protein are synthesized as one 
precursor polyprotein. 
In Xenopus oocytes micro-injected with RNA from several avian and 
mammalian retroviruses the gag-precursor is correctly and completely 
processed into the four viral core proteins (table 1). Such a proces­
sing does not occur in most cell-free systems (33, 36-39). The avian 
myeloblastosis virus gag-precursor has a half-life of about 16 h in 
oocytes (43) contrasting with the half-life of 45 min observed in in­
fected chicken fibroblasts (44). This slower processing rate in oocytes 
as compared to the rate in the normal environment is also observed when 
RNA of several mammalian retroviruses is injected into oocytes (11, 43, 
45-47; Asselbergs and Salden, unpublished) and it may be a consequence 
of the lower incubation temperature (190C) of Xenopus oocytes (43). 
Ill 
Genetic evidence suggests that just as in processing of the poly-
proteins of pi cornavi ruses (25, 26, 48) and togaviruses (49) the proces-
sing of the gag-precursor is partially specified by viral gene products 
(50). The gag-precursor of Rous (avian) sarcoma virus can be cleaved 
in vitro by one of its cleavage products, the viral core protein plS^ " 
(51, 52). However, this cannot completely explain the correct proces-
sing of the gag-precursors of retroviruses in oocytes (table 1), since 
the cleavages proceed, at least initially, in complete absence of any 
viral translation product. Furthermore, polypeptide sequence data 
indicate that more than one protease is involved in the processing of 
the murine leukemia virus gag-precursor, pr 65^ " (52). In accordance 
with the concept that both viral and cell coded proteases are involved 
in processing is the observation of different processing pathways of pr 
659a9 at early and late times after injection of Rauscher murine leu-
kemia viral RNA into oocytes (11). The observation that when an oocyte 
homogenate containing the radioactive gag-precursor of avian myelo-
blastosis virus is injected into oocytes, the precursor is not processed 
unless also the viral RNA is injected (J. Ghysdael, personal communi-
cation) also suggests that continuous production of a virus-specific 
factor is required for processing of the gag-polyprotein. 
In cells infected with murine leukemia viruses two types of gag-
precursor, pr 76 9 a 9 and pr 65 g a 9, are found (fig. 2) (35, 53). The 
smaller type, pr 659 9, contains only the four gag-proteins and, there-
fore, may be regarded to be the equivalent of the gag-precursor of avian 
leukemia virus, (fig. 2) in which the primary translation product of the 
gag-gene contains only the four gag-proteins (29). Despite the similarity 
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mRNA s'I -ff I I I I I ƒƒ la' 
murine pr76 9 a g Η-,Ν-Ι l i l i І-соон 
x ІРІ5) (ρ12) (рЗО) (p-ra) 
murine pr65 9 0 9 H2N-I I I I І-гоои 
(p15) (p12) (рЭО) (plO) 
avian pr769°9 Η-,Ν-Ι I I I І-сппн 
(p19) (p27) (p12)· (p15) 
fig. 2 Arrangements of viral proteins within the murine and avian 
gag-gene-coded precursor-polypeptides. 
The values between bracket indicate the molecular weights of individual 
viral proteins as determined by agarose gel filtration in the presence 
of 6M guanidine-HCl. Values are given for Rauscher murine leukemia 
virus and avian myeloblastosis virus. The arrangement of homologous 
proteins within the murine and avian precursor is not the same. Murine 
pl5 is equivalent to avian pl5 (internal hydrophobic protein), murine 
pl2 is equivalent to avian pl9 (internal, major phosphoprotein, specific 
RNA binding properties), murine рЗО is equivalent to avian p27 (internal, 
most abundant protein) and murine plO is equivalent to avian pl2 (in­
ternal, ribonucleoprotein). (26) The NHL-terminal polypeptide χ is not 
found in the primary translation product of the avian gag-gene, pr76^ " 
(83). 
* The position of pl2 within the avian gag-precursor is not entirely 
certain. It may be at either side of p27, but the available data favor 
a position between p27 and pi5 (44). 
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of these precursors it should be kept in mind that the order of the 
different gag-proteins within the precursor is different in avian and 
murine viruses (28). Pr 7 6 ^ and pr 6 5 ^ appear to be synthesized by 
separate 35 S mRNAs, since (a) both gag-precursors can be labeled with 
N-formylmethionyl-tRNA. in a cell-free system (54) and (b) yeast amber 
tRNA suppresses termination of pr 76 g a 9, but not pr 65 9 a 9, thus causing 
enhanced synthesis of the gag-pol read-through polypeptide (35, 38). In 
oocytes injected with MuLV viral RNA the rate of synthesis of pr 76 9 a 9 
compared to pr 65 9 a 9 is gradually reduced after prolonged culture of the 
oocytes, which suggests that the pr 76 9 a 9 mRNA may be functionally 
unstable in oocytes (11). The major gag-precursor (pr 659a9) is prob-
ably the direct precursor of the viral core proteins (27-29). The minor 
gag-precursor (pr 769a9) contains at the NHp-terminus an additional 
polypeptide, here designated 'X' (fig. 2) (55). Perhaps as a consequence 
of a 'signal' present in this NHp-terminal polypeptide pr 76 9 a 9 appears 
to be diverted onto a different processing pathway in the cell. It is 
probably converted to a series of glycosylated gag-polypeptides with 
molecular weights of 90-95 kdalton, part of which are incorporated into 
the cell membrane, whereas another part is secreted (54). Such 90-95 
kdalton polypeptides have also been detected in oocytes and the kinetics 
of appearance after injection of the viral RNA suggested that they 
resulted from a post-translational modification of another gag-precursor, 
presumably pr 76 9 a 9 (11). 
As discussed above, retroviral genomic RNA is able to direct besides 
the precursor of the viral core polypeptides the synthesis of an even 
larger precursor that in addition to the core polypeptides contains also 
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the reverse transcriptase. A metabolically unstable polypeptide, of 170 
kdalton which may be identical to this combined precursor, was detected 
as a minor translation product of avian myeloblastosis viral RNA in 
oocytes (F. Asselbergs and M. Salden, unpublished results; J. Ghysdael, 
personal communication). A large translation product (145 kDalton) with 
similar properties was detected after injection of bovine leukemia virus 
RNA (47). 
A subgenomi с mRNA isolated from membrane-bound polyribosomes of 
retrovirus producing cells directs the synthesis of the polypeptides 
of the viral envelope (30, 41, 42). Oocytes microinjected with the 
subgenomic mRNA of Rauscher murine leukemia virus synthesize the glyco­
sylated envelope precursor and process it correctly into the mature 
glycoprotein gp 7 0 e n v and the non-glycosylated ρ 1 5 e n v (30). 
D. Post-synthetic additions to the polypeptide chain: 
Glycosylation of heterologous translation products 
Glycoproteins are synthesized by the polyribosomes bound to the 
endoplasmatic reticulum. Attachment of the ribosomes to the membrane by 
the nascent polypeptide chain probably occurs in a similar manner as 
with secretory proteins. Sugar residues are incorporated at specific 
sites, while the polypeptide is still nascent, but the carbohydrate 
chains may be elongated after intracellular translocation to the Golgi-
apparatus (56). The signal in the amino acid sequence of a protein 
specifying a glycosylation site has apparently been very conservative 
during evolution, since oocytes correctly glycosylate the translation 
products from mRNAs of mammals and birds (table 1). Only those immuno­
globulins, which normally contain carbohydrates, are glycosylated in 
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oocytes, while a non glycosylated type of immunoglobulin is also not 
glycosylated in oocytes (57). Most of the heterologous translation 
products known to be glycosylated in oocytes (table 1) are secretory 
proteins (immunoglobulins, (57, 58) interferon (59), ovalbumin (60) and 
thyrotropin (61)), but the envelope glycoprotein of Rauscher murine 
leukemia virus synthesized in oocytes after injection of subgenomic 
virus-specific mRNA isolated from membrane-bound polyribosomes of in-
fected cells is a glycosylated plasma membrane protein (30). 
Phosphorylation of heterologous translation products 
Oocytes have been shown to phosphorylate the translation products 
of several microinjected mRNAs encoding phosphoproteins. (table 1). The 
phosphorylation of vitellogenin and of the precursor of the core pro-
teins of mouse mammary tumor virus (62) preceeds the cleavage of these 
polyproteins. The single-strand DNA-binding protein of adenovirus and 
protamine both normally accumulate in the nucleus, but it is not known, 
whether they also accumulate in the nucleus of oocytes. The phosphor-
ylation of the DNA binding protein takes place over a period of several 
hours both in oocytes (F. Asselbergs, M. Salden and A. van der Eb, 
unpublished) and in adenovirus infected cells (63). 
N-terminal acetylation of nascent polypeptide chains 
Oocytes injected with 14S lens crystal lin mRNA have been shown to 
synthesize exclusively aAp-crystallin in which the N-terminal methionine 
is acetylated (64). This post-synthetic modification also occurs in the 
reticulocyte lysate (65), in which it can be prevented by enzymatic 
removal of coenzyme A from the lysate (66). N-terminal acetylation of 
aAp-crystallin did not occur in the Krebs II ascites cell-free system, 
probably because during preincubation and gel filtration the endogenous 
coenzyme A had been removed (67). 
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ProTyl-hydroxyTation of coi lagen polypeptides 
Proline residues in the translation products of injected mammalian 
(8) and amphibian collagen mRNAs (68) are efficiently hydroxylated by 
Xenopus oocytes (table 1). Collagen is a protein exclusively found in 
animals. An unhydroxylated form of collagen can be obtained by trans-
lating collagen mRNA in a plant cell-free system and this can be used as 
a substrate for the prolyl hydroxylase, a soluble enzyme isolated from 
animal tissue (69). 
E. Post-synthetic assembly of multimene proteins in oocytes 
Two types of assembly of heterologous translation products have 
been demonstrated in oocytes, namely synthesis of polypeptide-complexes 
held together by S-S-bonds (14, 20, 58, 70-73) and of non-covalently 
bound complexes (74, 75) (table 1). The S-S-bonds are not formed in 
cell-free systems (14) probably because these of cell-extracts are made 
in the presence of a reductive agent, usually dithioerythritol. a-
Crystallin, a non-covalently bound complex, is also not assembled in a 
heterologous cell-free system, presumably because the concentration of 
monomer polypeptides in this cell-free system is much lower than in the 
homologous (lens) cell-free system or in oocytes (74). 
F. Post-synthetic modifications not performed by Xenopus oocytes 
As already mentioned above, oocytes apparently do not perform the 
type of proteolytic cleavage associated with the terminal phase of 
secretion, for example the conversion of proinsulin into insulin (14) or 
promitellin into mitellin (16, 17). Certain types of modifications, 
which are tissue specific, for example the iodination of thyroglobulin 
(72), do also not occur In oocytes. The post-synthetic cleavage of the 
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polypeptide chains of з-glucuronidase, an enzyme present in (mouse) 
kidney lysosomes, may also be tissue specific since it does not occur in 
oocytes. Nevertheless, the protein synthesized by the oocytes is 
enzymatically active (73). Another possible tissue specific modifica­
tion which does not occur in oocytes is the synthesis of the C-terminal 
amide of promitellin (16), which probably arises by an enzymatic replace­
ment of the terminal glycine of the primary translation product by 
ammonia (17). 
6. Future applications of the oocyte system 
Amphibian oocytes already have proven to be a versatile system for 
studying the translation of mRNA and the post-synthetic modification of 
the resulting polypeptides, which surely will find more applications in 
future experiments. Only two of such applications will be mentioned 
here. First, the oocyte translation system allows detection of trans­
lation products by means of their functional properties. Functional 
activities of heterologous translation products, which depend on post­
synthetic modifications that have been demonstrated in oocytes, include 
the antigen binding activity of immunoglobulins (82) and the enzymatic 
activity of ß-glucuronidase (73). A second possible application of the 
oocyte system would be in localizing some of the enzymes performing the 
post-synthetic modification of particular translation products. For 
example, it should be possible to find out using normal and enucleated 
oocytes, whether phosphorylation of nuclear proteins occurs exclusively 
in the nucleus or in the cytoplasm. In this way the oocyte system would 
continue to contribute to our understanding of the molecular biology of 
post-synthetic modifications of polypeptides. 
Table 1 POST-SYNTHETIC MODIFICATION OF PRIMARY TRANSLATION PRODUCTS IN OOCYTES 
Modification in normal Protein 
tissue of origin 
Proteolytic cleavage Immunoglobulin 
of secreted polypeptides light chain 
precursor 
Pre-uteroglobin 
(to uterglobin 
Proteolytic 
processing of 
polyproteins 
Organ/cell type 
Mouse plasma-
cytoma cell 
Rabbit uterus 
Evidence for modi- Refs. 
Pre-proinsulin 2) Carp pancreatic 
(to proinsulin) is le ts 
Pre-promitell in 
(to promitel l in) 
Vitellogenin 
(to Phosvitin and 
l i p o v i t e l l i n , i n -
corporated into 
yolk platelets) 
Honeybee venom 
gland 
Frog liver 
fi cation in oocytes 
Identical mobility as 12 
mature light chain dur-
ing gel electrophoresis 1). 
Identical mobility as 13, 14 
mature uteroglobin during 
gel electrophoresis 1). 
Identical mobility as pro- 15 
insulin during gel electro-
phoresis 1). 
Electrophoretic mobility, 16, 17 
partial amino acid sequence. 
Shift in electrophoretic 4 
mobility during pulse-chase 
experiment. 
Modification in normal Protein 
tissue of origin 
Proteolytic 
processing of 
viral poly-
proteins 
Encephalomyo-
carditis Virus 
Organ/cell type 
Mouse cells 
Precursor of 
avian myeloblas-
tosis Virus 
Chicken 
fibroblasts 
core proteins Idem 
Precursor of avian Idem 
sarcoma virus 
core proteins 
Precursor of 
Rauscher murine 
leukemia virus 
core proteins 
Idem 
Mouse spleen/thymus 
cells (JLS Vg-cells) 
Idem 
Evidence for modi- Refs. 
fication in oocytes 
Apparent molecular weight 22, 23 
identical to that of 
mature viral proteins 1). 
Apparent molecular weight 32, 43, 76 
identical to that of mature 
viral proteins 1), 
pulse-chase exp. 
Apparent molecular weight 77 
identical to that of mature 
viral proteins 1). 
Apparent molecular weight 1, 30, 33, 45 
identical to that of mature 
viral proteins 1). 
Pulse-chase exp. 11 
Modification in normal Protein 
о 
tissue of origin 
Proteolytic processing Precursor of Rauscher 
of viral polyproteins murine leukemia virus 
envelope proteins 
Precursor of bovine 
leukemia virus core 
proteins 
Glycosylation of 
secreted polypeptides 
Precursor of mammary 
tumor virus core 
proteins 
Immunoglobulin heavy 
chain 
Organ/cell type Evidence for modi- Refs. 
fication in oocytes 
Mouse Apparent molecular weights of 30 
spleen/thymus precursor and mature processing 
(JLS-Vgcells) products identical with those 
from infected cells. 
Bovine leukemic Apparent molecular weight of 46, 47 
cell mature processing products 
identical to viral proteins, 
pulse-chase exp. 
Mouse Mm5mt/cl Apparent molecular weight identi- 62 
cells cal to that of mature viral 
proteins 1). 
Rat spleen cells Fucose incorporation in inmuno- 58 
precipitated polypeptide. 
Modification in nonna! Protein 
tissue of origin 
Glycosylation Immunoglobulin light 
of secreted polypeptides chain 
Interferon 
Ovalbumin 
Glycosylation of 
a membrane protein 
Phosphorylation 
Thyrotropin 
a-subunit 
Rauscher leukemia 
virus envelope protei ι 
gp 70 
Precursor of mammary 
tumor virus core 
proteins 
Protamine 
Vitellogenin 
Organ/cell type Evidence for modi- Refs. 
Mouse plasma 
cytoma 
Human 
fibroblasts 
Chicken oviduct 
Mouse thyrotropic 
tumor 
Mouse spleen/thymus 
cells (JLS-Vg cells 
Mouse Mm5mt/cl 
cells 
Trout testis 
Frog liver 
Chicken liver 
fi cation in oocytes 
Mannose incorporation into 57 
immunoprecipitated polypeptide. 
Retention on Con-A-sepharose 59 
column, 
Incorporation of UDP-N-acetyl- 60 
glucosamine 
Identical mobility as native 61 
glycosylated hormone 1 ) 4 ) . 
Identical mobility as native 30 
I glycoprotein during gel 
electrophoresis 1). 
Apparent molecular weight identi- 62 
cal as native phosphorylated 
precursor. 
Phosphorylated peptides. 78 
Phosphorylated polypeptide. 4 
Identical mobility as native 79 
(phosphorylated) polypeptide in 
gel electrophoresis 1). 
Ol 
Modification in normal Protein 
tissue of origin 
Adenovirus 5 
72.000 dalton DNA bin-
ding protein 
Acetylation of N- cJU-crystallin 
terminal methionine 
Proline hydroxy!ation Collagen 
Assembly of multimene Uteroglobin (dimer) 
proteins bound by 
s-s bonds 
Immunoglobulin 
(tetramer) 
Thyroglobulin (dimer) 
Organ/cell type Evidence for modi- Refs. 
HeLa-Cell 
Bovine eye lens 
Mouse fibroblast 
Frog embryo 
Rabbit uterus 
Plasmacytoma 
Bovine thyroid 
gland 
fication in oocytes 
Similar increase of apparent 
molecular weight during pulse-
chase exp. as in adenovirus 
infected cells. 4) 
N-acetyl-methionine in N-terminal 64 
peptide. 
Hydroxyproline in labeled protein. 8 
Idem. 
Apparent molecular weight in gel 13, 14 
electrophoresis with/without 
reduction of -S-S-Bonds. 
Apparent molecular weight in gel 58, 71 
electrophoresis in absence of 70 (cf note 5) 
reductive agents. 
Ultracentri fugati on of 19S protein 72 
in absence of reductive agents. 
Modification in normal Protein Organ/cell type Evidence for modi-
tissue of origin 
Assembly of mul timeri с α-Crystal lin Bovine eye 
protein with non-coval- (2 types of subunits, lens 
ent bonds between about 40 subunits in 
subunits 
Unidentified 
each protein) 
б, -crystallin (di- and Bovine eye 
trimers of different lens 
subunits) 
ß-glucuronidase Mouse kidney 
(tetramer) 
Steroid binding protein Rat prostate 
fi cation in oocytes 
Gel filtration under non-
denaturati ng conditions 
Idem. 
Refs. 
74 
75 
Mobility in gel electrophoresis 73 
under non-denaturing conditions. 
Electrophoretic mobility distinct 80 
from translation product from 
cell-free system, similar to that 
of native protein. 
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Notes to Table 1 
1. This type of evidence is only included in cases where the unmodified 
polypeptide has a different electrophoretic mobility. 
2. A larger product than proinsulin was exclusively synthesized after 
injection of mRNA from cod pancreatis islets or from a human insulinoma. 
(77). 
3. Part of the translation products appeared to be unglycosylated. 
4. Unpublished experiments of the author in collaboration with M.H.L. 
Salden and A. van der Eb. 
5. In this experiment Xenopus eggs were used instead of oocytes. 
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Post-translational Assembly of Lens a-Crystallin 
in the Reticulocyte Lysate and in Xenopus laevis Oocytes 
H red A M ASSFLBFRGS Manon KOOPMANS W-illher J VA\ VbNROOIJ and Hans BLOFMbNOAL 
Department of Biochemistry Univcrsit) ol Nijmegen 
(Received Ma> 19 1978) 
lens mRNA was IransUted in a reticulocyte l>sate predominantly into monomene ot-crystallin 
chains Lens polyribosome!, added to the cell free system produced the same polypeptides, but these 
were detected predominantly in ot-crystallin aggregates Lens mRNA, after microinjection into 
Xenopus laeus oocytes, produced a-crystallin subunits that were exclusively found in the torm of 
high-molecular weight complexes Also after injection of the purified 14-S mRNA, coding for the 
aA subunit the synthesized aA polypeptides were incorporated into high-molccular-weight aggre­
gates In contrast, the synthesis of aB subunits, directed by a 10-S mRNA, did not result in aggregate 
formation The experiments thus suggest that aggregate formation of a-crvstallin is triggered by 
its αΛ subunits, which arc then joined by the aB subunits This process occurs partly in the cell tree 
system and completely in Хепорш ooc>tes 
For model studies on the assembly of a multimene 
protein, calf lens a-crystallin shows very attractive 
features The native protein is a large aggregate, with 
an average molecular weight of 800000 composed of 
subunits ol V/
r
 20000(1 2] There are two kinds of sub-
units, designated aA (A = acidic) and aB (B - basic), 
occurring in a ratio of about 2 1 [3] Synthesis of 
aA-crystallm is directed by a 14-S mRNA [4], while 
aB is coded for by a 10-S mRNA [4-7] In calf lenses 
about one third of the primary translation products 
(аАг and аВг) is transformed into the dcamidatcd 
chains aAi and aBi a-Crystallin is subject to ageing 
processes during which the molecular weight of the 
aggregate increases, while part of the polypeptide 
chains undergo C-terminal degradation [1,2] 
In addition to a crystallm two other classes of 
proteins exist in the eye lens, namely β and -,-crystallin 
/i-Crystallins occur in two size classes, named /i» (high) 
and ßL (low) and are composed of a number of sub-
units, some of which are shared by both β subclasses 
[8] ,-Crystallins are monomene proteins with molec­
ular weights of about 20000 1 he present knowledge 
of mammalian lens proteins and their biosynthesis 
has recently been reviewed by Harding and Dillcy [1] 
and by Bloemendal [2] 
In previous work from our laboratory, synthesis 
of a crystallm aggregates was studied in intact cul­
tured lenses and in the lens cell-free system [9,10] In 
these studies, newlv synthesized a-cryslalhn polypep­
tides were found onlv in high-molecular-weight aggrc 
gates and no monomene or oligomeric a-crystallin 
was found However, the possibility that in these 
homologous translation systems newly synthesized 
a-crystallin polypeptide chains were incorporated into 
pre-existing a-crystallin aggregates was not excluded 
In another study a cell-free system from rabbit retic­
ulocytes was programmed with lens polyribosomes 
[11] The translation products were then mixed with 
carrier crystalhns and analyzed by gel filtration Again 
exclusively high-molecular-weight a-crystallm aggre­
gates were found, but also in this case incorporation 
into pre existing aggregates may have occurred There­
fore, it was decided in this study to analyze the products 
from heterologous translation systems in the absence 
of any carrier lens protein As cell-free system we 
chose one of the most efficient systems available at 
present namely the unfractionated reticulocyte lysate 
[12], rendered mRNA-dependent with micrococcal 
nuclease according to Pelham and Jackson [13] 
Cell-free systems translate exogenous mRNA only 
for a short period'and sometimes fail to assemble 
proteins, like for example uteroglobin [14] Therefore, 
we injected mRNA also in Xenopui laevis oocytes, 
which are capable of translating exogenous mRNA 
for several days [15] In this system assembly of pro­
teins, namely uteroglobin [14] and immunoglobulin 
[16] has been reported With a-crystalhn we found that 
in the reticulocyte lysate assembly occurred only par­
tially, but that in living oocytes high-molecular-weight 
a-crystallin aggregates were formed exclusively In 
order to test which of the a-cryslallm subunits was, 
under these conditions, the 'promoter' of aggregate 
formation, 10-S and 14-S mRNA were separately 
injected into oocytes The results indicate that newly 
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synthesized aA subumts but not otB subunits promote 
aggregation 
EXPERIMENTAL PROCEDURE 
Materiah 
L-[3,S]Mcthionine (spec act 400 500 Ci mmol) 
14C-labeled protein hydrolysalc (spec act 56 Ci mol) 
and a 3H labeled ι amino acid mix of identical com 
position were purchased from the Radiochemical 
Centre (Amcrsham England) Creatine kinase was 
from Boehrmger Mannheim and micrococcal nucle­
ase (spec act 9 7 χ IO3 units'mg) from Ρ L Biochemi 
cals Milwaukee 
Isolation oj Pol) nbosomes and mRNAs 
С alf lens polyribosomes were isolated following 
procedures described previously [17 18] brom these 
polyribosomes total poly(A) containing mRNA was 
isolated by affinity chromatography on oligo(dT)-
cellulose as described previously [19 20] The mRNA 
was separated into a 10 S and 14 S traction by two 
subsequent centrifugations in isokinetic sucrose gra 
dients [20] Translation in a reticulocyte cell free 
system showed that they were not cross contaminated 
with one another 
Translation of mRNA 
Injection of mRNA or polyribosomes into Xenopus 
oocytes was performed essentially according to Gur 
don et al [21 22] and has been described previously 
[19] 25 nl containing 100 ng polyribosomes or 5 ng 
lens mRNA was injected Oocytes were incubated for 
18 h in modihed Barths medium containing either 
0 5 mCi/ml L [35S]methionine or ''ll labeled L-ammo 
acid mix or ' 4 C labeled protein hydrolysate After 
incubation oocytes were frozen at — 20 ( Trans 
lalion of lens mRNA in a nuclease-prctreatcd retículo 
cyle lysate has been described before [24] 
Gel Filtration of Translation Produciч 
Portions of 5—10 oocytes were homogenized in 
^ ml of gel filtration Ьи(Гег(0 1 M ammonium formate, 
pH7 3 0 1 mM hDTA) containing extra EDI A 
(5 mM) and glycerol (10°/) The reticulocyte lysate 
incubations were dissolved in the same bufler The 
lysate was ccnlnfugcd for 10 mm at 64000xg in a 
Spinco Γι 50 rotor The supernatant was then loaded 
onto a column of Scphadex G 200 (Pharmacia) 
(125 χ 2 cm) Eractions of 1 ml were collected Radio 
activity was determined in a Packard liquid scintilla­
tion counter after mixing 1 ml samples with 10 ml of 
Aquasol (New England Nuclear) Molecular weights 
were estimated using cytochrome с (M,= 12500) 
soybean trypsin inhibitor (Л/, = 20000) ovalbumin 
(W, = 45000) bovine serum albumin (M, = 68000) 
and rabbit immunoglobulin G (M,- 150000) as 
markers Pooled fractions were lyophili7cd and pro­
cessed for immunoprecipitation or electrophoretic 
analysis [11] 
Imrnunoprecipitation oj Lins Proteins 
Lyophihzed column fractions were dissolved in 
1 ml NaCI Ρ,/dodecylsulphate (10 mM sodium phos­
phate p H 7 2 0 9 0 0 N a C I 0 3" 0 Tnton-X-lOO 0 5 " , 
sodium deoxycholatc and 0 1 ° sodium dodccylsul-
phatc) Some undissolved material was removed by 
centnfugation at 200000 xjf ina Τι 50 rotor lor 10 mm 
Conditions for direct immunoprecipitation of lens 
proteins have been described [19] Immunoprccipi-
tatcs were collected and dissolved in the sample buffer 
for analysis by dodecylsulphate Polyacrylamide gel 
electrophoresis as described by Van Zaane et al [24] 
Reaçgregation ο/ α ( r\ stallili 
Translation products from oocytes were prepared 
for gel filtration as described abo\e To an equivalent 
of five oocytes lens cryslallms (final concentration 
0 1 nig ml) and urea (final concentration 6 M) were 
added in order to dissociate crystalhn aggregates 
After incubation for 1 h at 0 С urea was removed by 
gel filtration on Sephadex G 25 (coarse) allowing 
reaggregation to occur [25] 
RESULTS 
Are α-C nstallm Aggregates formed 
in the Reticulocyti Lysan ' 
To study the size distribution of lens crystallins 
formed in the reticulocyte lysate translation products 
labeled with [35S]methionine were subjected to gel 
filtration on Scphadex G-200 (Fig 1) oi-( ryslallin 
isolated from calf lenses elutcs with the void volume 
followed by β» /ie and, crystalhn respectively When 
the translation products of purified poly(A) containing 
lens mRNA were analyzed by gel filtration no labeled 
products were found in the void volume fraction 
(Fig 1B) although there was some material that 
eluted just behind it (molecular weight about 250000) 
Most of the products eluted at the position where /ÌL 
and ,-crystallin arc expected These products had 
apparent molecular weights of 40000 and 16000 
respectively 1 he polypeptides made under the direc-
tion of lens polyribosomes were found in much larger 
aggregates some of them eluting with the void 
volume (Fig 1 A) There was also more material 
elutmg in the βι range (M
r
 30000 50000) When a 
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Fig 1 Gelßltrauon of lens protein synthesized in the nuclcase-treated 
reticulocyte lysate. Lens polyribosomes were translated in an 
mRNA-dependent reticulocyte lysate as described under Experi-
mental Procedures Translation products were separated by gel 
filtration on Sephadex G-200 without the use of earner proteins (A) 
In a separate run soluble lens proteins were resolved into x. ßu. ßt 
and 7-crystalIin fractions ( ). Unincorporated [35S]methionine 
elutes in fractions 140 155 (B) Elution profile of products syn-
thesized in a reticulocyte lysate under the direction of total poly(A)-
containing lens mRNA 
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Pooled fractions 
Fig 3 ¡mmunoprecipitatwn of Uns proleins from the Sephadex 0-200 
fractions of the reticulocyte lysate Translation products of lens 
polyribosomes (A —C) and lens mRNA ( D - F ) were separated 
by gel filtration <see Fig 1) Fractions were pooled, then lyophihzed 
and immunoprecipitation was subsequently carried out with anti-
sera to αΑ-crystallin (A and D), total /ï-crystallin (В and E) and 
/-crystalhn (C and F). respectively The positions at which native 
crystallms eluted m a separate run are indicated by arrows 
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Fig-2. Dodecyisulphaie gel electrophoresis of translation products 
of lens polyribosomes and lens mRNA in the reticulocyte lysate. 
Total lens mRNA (b) and lens polyribosomes (c) were translated 
in the mRNA-dependent reticulocyte cell-free system and trans­
lation products were separated in a dodecylsulphatc-contammg 
Polyacrylamide gel autoradiographed as described under Fxpen-
mental Procedure A control incubation without mRNA is shown 
m slot (a), endogenous proteins synthesized in a reticulocyte lysate 
without treatment with micrococcal nuclease m slot (d) The posi­
tions of two lens proteins, ocA (M, 20000) and /SB,. (M, 32000). are 
shown together with the position of globin and of а бЗООО-Л/, 
polypeptide synthesi7ed by rabbit reticulocytes 
control incubation (no mRNA added) was chromato-
graphed no material eluted before fraction 140 (not 
shown). The finding that only after the addition of 
lens polyribosomes to the cell-free system were high-
molecular-weight crystallin aggregates formed was 
unexpected since the individual polypeptides synthe­
sized under the direction of lens mRNA were almost 
identical with those directed by the lens polyribosomes 
(Fig. 2). 
In order to identify more precisely the subunit 
composition of the synthesized protein aggregates. 
pooled gel filtration fractions were immunoprecipi-
tated with anti-crystallin antisera (Fig. 3). 
The distribution of the aA-crystallin subumts 
showed that translation of lens polyribosomes pro­
duced somewhat more a-crystalhn aggregates and of 
higher molecular weight than did mRNA. In the first 
three fractions 46",, and 28% of all immunopreciptt-
able ïA-crystallin was eluted respectively (Fig. 3A,D). 
Immunoprecipitation with antisera to β and y-crystal-
lin (Fig.SB.C.E.F) confirmed that, as expected, they 
were not eluting with the void volume. /i-Crystallin 
polypeptides were found as monomers or small aggre­
gates with the size oí ßt y-Crystallin polypeptides did 
not form aggregates. 
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incubation were mixed homogenized and the homogenatc was 
subjected to gel Itllration Only the l4C elulion profile is shown 
( · — · ) together with the 14C JH ratio (upper part) Because the 
inputs ol3M and l 4C werediffercnl lhe l 4C JII ratio was normali7ed 
to 1 The elulion profile of unlabeled lens proteins was determined 
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a-Cry\tallin Formation m Oocvta 
Oocytes were injected with water or 0 1 μg of lens 
polynboiomes and were labeled for 18 h with Re­
labeled protein hydrolysate The translation products 
were analyzed by gel filtration (fig 4) Two peaks of 
labeled lens proteins were eluted one just behind the 
void volume and another at the position of -,-crybUllin 
with a shoulder in the ßi region In order to correct 
for the endogenous protein synthesis of the oocyte 
a double-label experiment was performed Oocytes 
were injected with lens m RNA and labeled with 
"C-labeled protein hydrolysate, at the same time 
water-injected oocytes were labeled with 3H-labeled 
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Fig 6 Inumtnohffitai uientijuation of lens protein aggrigales syn-
thesized de novo m ootvtcs Pooled column fractions of oocytes 
injected with lens polyribosomes (Л, B) lotal lens mRNA (D, b) 
or H S mRNA (С) were (irsi lyophilized and then immuno-
precipitatcd with antiserum to atA-cryslnllin (А Π С) and ,-crys 
tallm (H L) The positions of the crystallins were delcrmincd for 
each column in a separate run and are indicated by arrows 
protein hydrolysate After mcubation both batches 
of oocytes were mixed and analyzed together (Fig 5) 
The very high l 4 C 3 H ratio in the peak near the void 
volume indicates that most ofthat material consisted 
of translation products of lens mRNA Although 
radioactivity in the ßt and /-crystallm region varied 
between oocytes from different frogs, the lAC/3H ratio 
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Fig 7 DoiUi\l\uiphaii electrophoresis oj gel filtration fractions from oot ytes programmed nuli loia! Uns mRNA or the 10-S frm ікт o/ lens 
mRNA After gel filtration pooled fraetions were lyophilized and analyzed on dodceylsulphate gels as described under hxpenmental Procedure 
As indicated above the figures, native з-crystallin is expected lo chite m traction a. /ÏH in d, ßL in g and h. and /-cryslallin in fraction j and к 
The translation products of total lens mRNA {B)and the 1Ü-S fraction (C) are shown. For comparison the stained gel of'purified lens proteins 
is shown in (A) and the positions of a-cryslallm subunits. aA and aB. as well as the main subumt of /ï-crystalhn aggregates. /ÍBp. are indicated 
always indicated the presence of some newly synthe-
si7ed lens proteins in the 20000-40000-M r region. 
A similar double-label experiment with oocytes in-
jected with lens polyribosomes gave identical results 
(not shown). 
An immunoprecipitatton procedure with antiserum 
to aA and y-crystallin was used to identify the high-
molecular-weight protein aggregate isolated by gel 
filtration (Fig. 6). Most of the αΑ-crystallin was found 
to be present in the first peak eluting from the column. 
regardless of whether lens polyribosomes or purified 
m R N A had been injected (Kig.óA.D). There was no 
y-crystalltn present in the void volume (Fig.6B.E). 
indicating that no aspecific aggregation had taken 
place. Direct analysis of pooled fractions on a dodccyl-
sulphale-containing Polyacrylamide gel confirmed the 
presence of otA and aB subunits in the high-molecular-
wetght aggregate (Fig. 7B). 
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Fig. 8. Dodecylsulphate gel electrophoresis of translation products 
ol lfn\ niRSA m oocytes. Oocyte homogcrutes labeled with 
[lsS]melliiümne were directly dndly7ed on dodecylsulphate gels 
(Л) oocytes injected with 25 nl water. (B) injected with total lens 
mRNA: (Г) with 10-S mRNA; (D) with 14-S fraction of lens 
mRNA. (l·) injected with 9-S mRNA Ironi rabbit reticulocytes 
The position of calf αΑ-crystallin and of rabbit globm (G) is 
indicated 
Aggregation of Newly Synthesized oiA Suhumn 
after Translation oj 14-S mRNA in Oocytes 
Purified OÍA polypeptide chains can form high-
molecular-weighl aggregates after dissociation and 
reassociation with urea [26-28]. Therefore, it seemed 
interesting to see if translation of 14-S mRNA into 
ïA-crystallin produced an aggregate. Analysis of 14-S 
translation products confirmed the sole presence of 
aA-crystallin (big 8D). However, after gel filtration 
and immunoprecipitation virtually no monomeric 
aA chains could be detected (Fig 6C) Most of the ïA 
was found in aggregates, eluting just behind the void 
volume, with estimated molecular weights of 200000-
400000. 
Are aB Subunlts Incorporateli 
into x-Crystallin Aggregates? 
In order to verify if aB chains alone were also able 
to form a polymeric protein. 1()-S mRNA was trans-
lated in oocytes. This mRNA fraction contains also 
messengers for β and y-crystallin polypeptides, but 
is free of mRNA coding for «A, as can be seen after 
gel electrophoresis of oocytes injected with the 10-S 
mRNA (Fig.SC). In a double-label experiment of the 
type described above, no large translation products 
were detected (nol shown) as was the case with 14-S 
mRNA products (Fig. 6C). However, there was a 
considerable amount of newly synthesized material 
in the M, range of 20000-40000. The translation 
products were separated by gel filtration and then 
analyzed by dodecylsulphate/polyacrylamide gel elec­
trophoresis (Fig.7C). The results confirmed the ab­
sence of xB aggregates. In contrast, when total lens 
mRNA (this is 10-S plus 14-S mRNA) was injected. 
both Ï A and яВ chains were found in aggregates 
eluting just behind the void volume (Fig.7B). 
In order to verify whether any potentially functio­
nal «B-crystallin was formed in unaggregated form 
in oocytes after injection with 10-S mRNA. a dissocia-
tion-reaggregation experiment was carried out. It is 
known that ï-crystallin aggregates dissociate in urea 
or guamdine-HCl and reaggregate, when the disso-
ciating agent is removed. To homogenates of oocytes 
injected with 10-S mRNA. urea (final concentration 
6 M) and in some cases carrier crystallms were added. 
After incubation for an hour at 0 — 4 С the urea was 
removed by gel filtration on Sephadex ü-25. During 
removal of the urea, specific reaggregation of the dis-
sociated a-crystallin polypeptides occurs, provided 
the experiment is performed at a low crystallin concen-
tration [25] Our results showed that only in the pres-
ence of carrier crystallms did coaggregation of radio-
active xB polypeptides occur (Fig.9B). Subsequent 
analysis of the void volume fraction by dodecylsul-
phate/polyacrylamide gel electrophoresis showed that 
the increase in radioactivity was due to a polypeptide 
of M, about 22000 (not shown). This polypeptide can 
not be >-crystallin. since v-crystallin does not rcaggre-
gate under these conditions [25]. The results therefore 
suggest that in oocytes injected with 10-S mRNA 
potentially functional aB polypeptides, capable of 
being incorporated into a-crystallin aggregates, were 
formed. 
DISCUSSION 
In the intact lens 40 or more a-crystallin subunits 
(0ÍA2 and aBj) combine to form the mature a-crystallin 
aggregate. Previous studies in the lens cell-free system 
showed that complete aggregation of newly synthe-
sized aA and aB chains occurs [10]. However, the 
possibility that these aggregates were not completely 
synthesized de nom was not excluded, since this 
system already contains a large amount of a-crystallin 
before synthesis of radioactive subunits starts. Both 
a-crystalhn subunits can also be synthesized in a retic-
ulocyte lysate. Vermorken et al. [11] studied crystallin 
aggregate formation in the reticulocyte lysate. but 
after translation of lens polyribosomes they added lens 
proteins as carrier before gel filtration Thus, also 
from their study it can not be concluded that complete 
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moltíttlar nagltl i írwlailm Осх>1еь WCIL injected wilh S lig 
10 S inRNA and Libeled lor 18 h лиі) [-"Slmuhronine (Л)Тгапь 
lülion produLts were analyzed Ь gel fillralion as described in 
Methods ( · — · ) The posilion of the cryslallin markers was 
determined in a separate run ( ) (B) Tnnslalion prodiiLts 
were dissociated m 6 M urca in the absence ( о О) and 
pásente t · · ) of 0 1 mg ml ' a (.rvsljUin After removal 
ol tliL uri. ι the rcissoualcd transi ilion producís were separated 
on Sephadtx (j 200 columns as described above 
de inno formation of ï-crystdllin takes place Indeed, 
when wesep.irjlcd tranblalion products oflensmRNA 
in the reticulocyte lysate in the absence of carrier lens 
crystallins л considerable amount of monomenc 
aA-crystallin was lound (Hg 1 and 3) next to small 
α-cryslallin aggregates of molecular weights ranging 
from 40000 to 200000 Presumably aggregation was 
not complete, because the amount of ï-cryslallin 
polypeptides synthesized was not sufficient to allow 
aggiegation in the absence of carrier oi-crystallm 
When lens polyribosomes were translated in the 
cell-free system, not only more aggregate formation 
was found, but also some fully sized oi-crystallm aggre-
gates (M, greater than 400000) had been formed The 
efficiency of translation per mRNA molecule was 
virtually equal when lens polyribosomes or purified 
mRNA were added to the cell-free system (Asselbergs, 
unpublished) Therefore, the most plausible explana-
tion is that these aggregates weie formed by combina-
tion of newly synthesized ι crystallm subunits with 
pre-existing a-crystallin present on the polyribosomes 
added to the reticulocyte lysate Some α crystallm 
remains associated with the polyribosomes even alter 
treatment with 05 M KCl or 0 5",, desoxvcholate 
(Assclbcrgs unpublished) and these л crystallm mole­
cules might represent partial aggregates Apparently 
when the concentration of 2-cryslallin Polypeptides 
is sufficiently high aggregation into high molecular-
weight complexes occurs \erv last When carrier 
ix-cryslallin is present this aggregation occurs instan­
taneously and this explains the results of previous 
cxpenmcnlalors [9 — 11] 
Xenopus oocytes injected with lens mRNA, syn­
thesized high molecular-weight α-crystallin in the 
absence of carrier protein (Fig "> and 6) Presumably 
this was because oocytes have two advantages over a 
cell-free system in synthesizing multimene proteins 
I irstly they produce more of the translation product 
than a cell-free system does and synthesis proceeds for 
a longer period For example it has been reported 
that in the case of interferon mRNA this can result in 
the synthesis of 500 times more tianslation product 
in oocytes than in a cell-free system [10] Secondly, 
oocytes reinitiate mRNA translation more frequently 
If aggregation is started by the nascent polypeptides 
still attached to the polyribosomes as has been sug­
gested for collagen [11] it is necessary to have a 
translation system capable of frequent reinitiation of 
protein synthesis 
Surprisingly, otA subunits alone synthesized m 
oocytes under the direction of 14-b mRNA could also 
torm aggregates (Hg 6C) while Ï B subunits coded 
for by a 10-S mRNA did not form high molecular-
weight complexes in the absence of the aA subunit 
(Fig 7C) Alter addition of carrier at crystallm the 
radioactive aB subunits were incorporated into high-
molecular-wcight a-crystalhn during a dissociation 
reassociation experiment (Fig 9) From these observa-
tions wc conclude that, at low concentrations ol 
α crystallm, subunit aggregate formation is triggered 
by the aA subunits, which subsequently arc joined by 
the aB subunits Our results indicate that these pro 
cesses occur partially in a cell-free system and almost 
completely in living Xenopus oocytes 
The present investigations h i\c parli) been carried out under 
the auspices ol the Netherlands Foundation for Chemictl Rcscaich 
(SON) and with financial aid of Ihe Netherlands Orgamralion lor 
the Advancement of Pure Research (¿WO) 
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Chapter V 
TRANSLATION OF VIRUS-SPECIFIC MESSENGER RNA IN XENOPUS OOCYTES 
V-l Introduction: Polyprotein cleavage and subgenomic mRNAs. 
V-2 Translation of oncogenic virus RNA in Xenopus laevis oocytes. 
V-3 Kinetics of synthesis and proteolytic processing of precursor 
polypeptides of Rauscher murine leukemia virus in frog oocytes 
following microinjection of viral RNA. 
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Introduction: Polyprotein cleavage and subgenomic mRNAs 
Virologists have used the oocyte system primarily because of its 
capacity for post-synthetic modification of the viral translation 
products. This subject has already been reviewed in section IV-1. This 
chapter deals with a study of the post-synthetic cleavage of precursor 
polypeptides, "polyproteins", of two retrovirus species, avian myelo-
blastosis virus (V-2) and Rauscher murine leukemia virus. (V-3) Oocytes 
have two important advantages for the study of retrovirus polyprotein 
processing. Firstly, the translation of the viral RNA occurs in a cell, 
which up till the moment of injection does not contain any product of 
viral gene expression. Secondly, the processing of the viral precursor 
polypeptides occurs with a much lower rate than in the normal host cell 
of the virus (Ghysdael et al., 1977), which facilitates the study of the 
cleavage mechanism. 
Another feature of the translation of viral RNA in oocytes is the 
recognition of the proper initiation region of those viral RNAs, which 
are, in a genetic sense, polycistronic (for a review see: Kozak, 1978). 
Such RNAs, usually isolated from virus particles (genomic RNAs), contain 
the genetic information for the synthesis of two or more polypeptides, 
but in general only the genetic information proximal to the 5'-terminus 
of the RNA molecule is translated into protein in vitro. Only in a few 
cases it has been reported that the internal cistron was translated in a 
cell-free system (Rutgers, 1977; van Vloten-Doting et al., 1977; ref-
erences in Kozak, 1978). The great advantage of the oocyte system, in 
this respect, is that the injected RNAs are translated in a "normal" 
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intracellular environment as opposed to the "artificial" environment in 
a cell-free system. Therefore, the use of oocytes as a translation 
system may eliminate certain in vitro artifacts in recognition of the 
initiation sites on the mRNA by the ribosomes. In addition of genome-
size RNAs smaller "subgenomic" mRNAs are found in virus-infected cells. 
These mRNAs, which contain primarily nucleotide sequences from the 3' 
part of the genomic RNAs, can be translated in vitro into the other 
virus-encoded polypeptides. Thus via subgenomic mRNAs the virus is able 
to express the genetic information that is silently present in the 
genomic (or genome-size) mRNAs. 
Several polycistronic viral RNAs have been injected into Xenopus 
oocytes, notable the genomic RNAs of four plant viruses and the genomic 
RNAs of several retroviruses (see: section II, table 4). In the case 
of the plant viruses the information encoding the coat protein is si-
lently present in the genomic RNA (or in one of the genome RNAs of 
viruses with multipartite genomes). The genomic RNA of the retroviruses 
contains the silent cistron for the proteins of the viral envelope. 
However, in none of these cases expression of the silent cistrons could 
be detected in oocytes injected with genomic RNA, although the polypep-
tides were synthesized after injection of the subgenomic mRNAs. (After 
injection of alfalfa mosaic virus genome RNA 3 synthesis of the coat 
protein was observed in oocytes (Rutgers et al., 1976; Van Vloten-Doting 
et al., 1977), but this observation could not be repeated when more 
rigorously purified RNA 3 preparations were injected (Rutgers, 1977)). 
Also in the case of the two retroviruses studied by us, avian myelo-
blastosis virus (V-2) and Rauscher murine leukemia virus (V-3) no 
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expression of the internal cistron was observed when genomic-size RNA 
was injected. In our opinion these findings also imply that the in­
jected genomic RNAs are also not converted to subgenomi с mRNAs by 
enzymes present in the oocytes. 
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(Reprmud from Nature, Vol. 259. No 5345. pp 696-699. February 26. 1976) 
Translation of oncogenic virus 
RNA in Xenopus iaevis oocytes 
OOCYTE injection as developed b\ Gurdon et α / l 1 is 
efficient and reliable for the assa\ of faithful translation of 
heterologous messenger R N A • But. working in collabora­
tion with Ciurdon , we found that oncogenic \iral R N A was 
not translated to a detectable extent in oocytes. Only in a 
cell-free s>stem deri\cd from Fschtrichia colt could we 
translate viral R N A into distinct polypeptides in the 
molecular weight range of the \ira! group-specific proteins". 
Recent!) we achieved translation of Rauscher leukaemia 
virus (RI V) R N A and avian myeloblastosis virus ( Л М ) 
R N A in various cell-free systems, using immunopreupi ta-
tion for the anaKsis" ' . This verified that our failure to find 
virus-specific polvpeptides in the oocvte system programmed 
with oncogenic viral R N A was due to the inadequacv of the 
methods available to detect translation when il occurs at 
low efficicnc> We now report the svnthesis of AMV-
specific precursors and structural proteins in the oocyte 
system, detected bv specific immunoprecipitation and 
scintillation autoradiography 
AMV contains single stranded R N A encapsulated b> 
several proteins and a lipid envelope The four maior pro­
teins. the so-called group-specific (gs) antigens inummo-
logicall) indistinguishable among all avian oncornaviruses", 
are within the viral envelope1 2. 
There are additional glycosylated proteins, e a r n i n g the 
t>pe-specific (Is) antigens, on the surface of the virion1 1. It 
is not known how manv proteins are encoded b\ the viral 
R N A and how manv cellular proteins become encapsulated 
in the virions during budding l o determine virus-specific 
proteins it is important to characterise the coding capacity 
of the viral R N A in conditions closely related to the ¡n vivo 
situation 
The results of a typical translation experiment of AMV 
RNA are shown in Rg. 1. Because of the relatively high 
rate of endogenous protein synthesis of this system, immu-
noprecipitation with specific antisera is a prerequisite for 
detection of the viral proleins. Injection of native 6()S 
AMV R N A results in synthesis of virus-specific polypeptides 
with molecular weights of 76.000, 66,000. 32,000. 25,000, 
18,000 and 12.000 In contrast, denatured 358 AMV R N A 
leads to the synthesis of a small quantity of the precursor 
polypeptide with molecular weight 76.000, In chick embryo 
fibroblasts {Chh) infected with AMV the same precursors 
and structural polypeptides are found as have been synthe-
sised after injection of oocytes with native 60S AMV R N A 
(compare Fig. \h and Í¡) 
In addition to the five precursor polypeptides already 
described" we found in AMV-mfected C E F a sixth unstable 
precursor of molecular weight 85,000 not present in un-
infected C E P (Fig 2) This pr85 was, however, not detect-
able after injection of AMV R N A into oocytes Incubation 
of native 60S AMV R N A in a reticulocyte cell-free system 
(Fig 3) resulted in the synthesis of the same precursors and 
structural polypeptides found in the oocyte system, but in 
different proportions (compare Figs 1 and 3) In this celf-
free system pr76 is the predominant product and almost no 
cleavage products are present. This probably means that 
the processing of AMV precursors in the oocyte and in 
infected C E F is almost identical, whereas in the reticulocyte 
cell-free system almost no cleavage occurs In other reti-
culocyte preparations processing of the 76,000-dalton pre-
cursor resembled the situation in vivo (Fig. 4), Whereas 
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Fig. 1 Autoradiography of an SDS gel electrophoresib pattern of 
immunoprecipitates Xenopus hens oocytes were injected by the 
method of message-injection described by Gurdon el al1 AMV 
was obtained from viracnuc plasma1* and treated with SDS and 
Pronase The 60S component of AMV RNA was isolated by 
centnfugalion in isokinetic glycerol gradienls" Isolated 60S 
AMV RNA was denatured by healing at 100 С for 3 min. The 
AMV-specific polypeptides synthcsised in the oocytes in the 
presence of 2 μ Ο 3bS-melhionine (specific activity 478 mCi 
mmol ') per oocyte were detected by indirect immunoprecipita­
tion1 8 with an antiserum directed against the gs antigens of 
AMV Primary cultures of 1 χ IO6 chick embryo fibroblasts 
infected with AMV were pulse labelled for 30 mm with 50 μ Ο 
"S-methionine (specific activity 210 Ci mmol- 1) in Earle's 
saline After lysis in bufTer indirect immunoprecipitation was 
carried out to detect virus-specific polypeptides The immunopre­
cipitates were analysed on sodium dodccyl sulphate (SDS)-poly-
acrylamide slab gel gradients (7-18 " J according to Berns et at" 
After staining and desiaining, the slab gel was treated with 
DMSO-PPO I b, dried under vacuum and exposed in contact 
with a Kodak X-ray film for 3 d. a, Fach of 20 oocytes was 
injected with 25 nl of sterilised distilled water, 6, each of 10 
oocytes was injected with 25 nl of native 60S AMV RNA (1 mg 
m l - 1 ) in distilled water, c, each of 10 oocytes was injected with 
25 nl of heat-denatured 35S AMV RNA ( Imgml O-d1. immuno-
precipitate from pulse-labelled chick embryo fibroblasts infected 
with AMV, e. unmunoprecipitate from pulse-labelled uninfected 
chick embryo fibroblasts PR, precursor polypeptide, VP, virion 
polypeptide Numerals denoie molecular weight in kdaltons 
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From results obtained in vivo and Ín vitro we conclude 
that AMV RNA is translated into several precursor poly-
peptides which are cleaved into structural \iral proteins, 
presumably by the same relatively unspecific enzymes 
present in chick embryo fibroblasts, oocytes and reticulo-
cytes We therefore believe that the oocyte system provides 
a useful tool for the study of the regulation processes 
invoKed in the expression of different viral functions in 
vivo. 
We thank Dr John Gurdon for hospitality to M S. We 
also thank Mrs Anne-Mane Selten-Verstecgcn for technical 
assistance. Dr J W Beard for viraemic chicken plasma 
and Dr G. de Boer for leukosis-free chick embryos This 
work was supported in part by the Netherlands (oundation 
for Chemical Research and the Netherlands Organisation 
for Pure Research 
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Fig. 2 Autoradiograph of an SDS gel electrophoresis pattern of 
immunoprecipitates Primary cultures of 1 χ I0T chick embryo 
fibroblasts either uninfected or infected with AMV were pulse 
labelled for 30 mm and immunoprecipitated as described in 
Fig 1. The immunoprecipitates were analysed on slab gel 
gradients and exposed in contact with a Kodak X-ray film for 3 d. 
a, I x I0T infected cells precipitated with anti-AMV serum, b, 
1 χ 10' uninfected cells precipitated with anti-AMV serum 
PR 32 
VP 25 
the synthesis of the 76,000-dalton precursor polypeptide ir. 
a reticulocyte cell-free system Is detectable even without 
immunoprecipitation (Fig. 3), as a rule immunoprecipita-
tion procedures are necessary to visualise the small amount 
of virus-specific polypeptides The specificity of the 
immunoprecipitation was checked as follows Immuno­
precipitation of control injections without mRNA (Fig. 1), 
by addition of anti-AMV serum, gives rise predominantly 
to two polypeptides with molecular weights of 190,000 and 
50,000, respectively. The latter aspecific polypeptide is also 
always found when the reticulocyte lysate is the assay 
system. The same two polypeptides are detected as the only 
components after injection of AMV 60S RNA into the 
oocyte system followed by the addition of an antiserum 
directed against the non-related murine RLV (not shown), 
Fig. 3 Autoradiograph of the SDS gel electrophoresis pattern of 
products synthesised in reticulocyte cell-free incubations. Native 
60S AMV RNA was incubated for 60 min at 30 Χ in a reticulo­
cyte cell-free system as described elsewhere10. The final incubation 
volume was 25 μΐ 2 μΙ of the incubation mixture was analysed 
directly on the SDS slab gel and another 20 μΐ was immunoprecipi­
tated" and analysed The Kodak X-ray film was exposed m contact 
with the dried gel for 2 d a. Incubation in the reticulocyte cell-
free system with lens I4S mRNA; 6, control incubation without 
mRNA; c, incubation programmed with native 60S AMV-RNA; 
ä, immunoprecipitate of an incubation with native 60S AMV 
RNA; e immunoprecipitate of polypeptides present in pulse 
labelled AM V-infected chick embryo fibroblasts. 
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Note added in proof: We have also succeeded in translat­
ing Rauscher leukaemia virus RNA in ooc>tes. The pre­
cursor of the gs antigens pr6S and the processed poI>peptides 
p30 and pl5 ha\e been detected 
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Fig. 4 Autoradiography of jmmunoprecipitated products syn-
thesised in the reticulocyte cell-free incubation and analysed by 
SDS pel electrophoresis The analysts of the virus-specific 
polypeptides synthesised in the reticulocyte cell-free system were 
as described in the legend to Fig, 3 The X-ray film was exposed 
in contact with the dried gel for 3 d a, Immunopreapitation of 
an incubation in the reticulocyte cell-free system with native 
60S AMV RNA; b, immunoprecipitate of an incubation in the 
reticulocyte lysate with denatured 35S AMV RNA. 
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V - 3 
KINETICS OF SYNTHESIS AND PROCESSING OF PRECURSOR 
POLYPEPTIDES OF MURINE LEUKEMIA VIRUS IN FROG OOCYTES 
FOLLOWING MICROINJECTION OF VIRAL RNA 
Fred A.M. Asselbergs , Martin H.L. Salden and Hans Bloemendal 
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ABSTRACT 
Maximal rate of translation of 70S virion R-MuLV RNA is observed 10 
h after injection into Xenopus oocytes. The viral RNA appears to be 
functionally stable in the oocytes. After a 1 h labeling period the 
predominant translation products are three polypeptides, pr 7 5 9 a 9 , pr 
7 7 ^ and pr 6 5 9 a 9 . After longer labeling periods first pr 65 9 a^, 
which is the most stable precursor polypeptide, is most prominent. In 
addition, several intermediates of 35-60 kDalton are observed. Finally, 
after about 24 h, mature viral core proteins appear. The rate of syn­
thesis of pr 75/77^аУ decreases gradually after injection, suggesting 
that viral core polypeptides somehow regulate processing or synthesis of 
the gag-precursors. A heterogeneous group of 90-95 kDalton polypeptides 
appear to be early processing products of pr 75/77 9 a 9. It will be 
discussed why no envelope-related polypeptides are synthesized, when 
viral RNA (70S or 35S) is injected into the cytoplasm or the nucleus of 
Xenopus oocytes. 
Abbreviations: 
R-MuLV : 
Mo-MuLV : 
gag : 
env : 
Rauscher murine leukemia virus 
Moloney murine leukemia virus 
group-specific antigen 
envelope 
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Introduction 
Microinjection of heterologous mRNA into Xenopus laevis oocytes 
followed by identification of the translation products has been achieved 
for many species of mRNA both of cellular (reviews: Gurdon, 1974; Lane 
and Knowland, 1974) and viral origin (Laskey, 1972; Knowland, 1974; 
Hunter et al., 1976; Rutgers et al., 1976; Salden et al., 1976a and b; 
DeRoberti s et al., 1977; Schwinghamer et al., 1977; Semancik et al., 
1977; Van Vloten-Doting et al., 1977; Van Zaane et al., 1977; Nüsse et 
al., 1978; Reynolds et al., 1978). The ability to translate exogenous 
mRNA renders amphibian oocytes a very suitable model system to study the 
translation of specific mRNAs under the conditions existing within a 
living cell. However, quantitative studies on mRNA translation in 
oocytes have primarily been performed with purified mRNA species of 
cellular origin (Gurdon et al., 1971; Moar et al., 1971; Giglioni et 
al., 1973; Lane et al., 1973; Gurdon et al., 1973; Chan et al., 1976; 
Maniatis et al., 1976; Asselbergs et al., 1978, 1979) and remarkably few 
quantitative data are available on the translation of viral RNA (Laskey 
et al., 1977). 
The virion RNAs of avian myeloblastosis virus (Salden et al., 
1976a; Ghysdael et al., 1977 a and b), Rauscher murine leukemia virus 
(R-MuLV) (Salden et al., 1976b), Abelson murine leukemia virus (Reynolds 
et al., 1978) and mouse maimary tumor virus (Nusse et al., 1978), when 
injected into Xenopus oocytes, direct the synthesis of precursor polypeptides 
of the virus core proteins or group-specific antigens (gag). The same 
gag-polypeptides are synthesized after injection of genome-size (35S) mRNA 
isolated from the polyribosomes of R-MuLV producing JLS-V9 cells (Van 
Zaane et al., 1977). Only a 22S subgenomic mRNA from JLS-V9 cells is 
152 
able to direct the synthesis of R-MuLV envelope-polypeptides in oocytes 
(Van Zaane et a l . , 1977). One of the at tract ive features of the oocyte 
system is that many of the normal post-synthetic modifications of the 
primary translation products, which do not occur in ce l l - f ree systems, 
do occur in oocytes (Gurdon, 1974). In this a r t i c l e , we report the 
kinetics of translation of R-MuLV v i r ion RNA and the kinetics of cleavage 
of gag-precursor polypeptides into mature v i r a l proteins. 
MATERIALS AND METHODS 
Isolation of RNA 
R-MuLV was isolated from the plasma of leukemic mice (Duesberg and 
Robinson, 1966) and treated with sodium dodecyl-sulphate and pronase. 
The 70S component of R-MuLV was isolated by centrifugation in isokinetic 
glycerol gradients (Gielkens et a l . , 1972). Isolation of rabbit globin 
and calf c r y s t a l ! i n mRNAs has been described previously (Asselbergs et 
a l . , 1978). 
Microinjection and culture of Xenopus oocytes 
Oocytes were injected with 25 nl of d i s t i l l e d water containing 
either R-MuLV RNA (12.5 ng), rabbit globin mRNA (5 ng) or cal f lens 
c r y s t a l l i n mRNAs (5 ng) according to procedures previously described 
(Asselbergs et a l . , 1978). Two methods of microinjection into the 
nucleus of the oocytes, described by Gurdon (1976) and Kressmann et a l . , 
(1978) respectively, were used as indicated i n the t e x t . Oocytes were 
3 
labeled in modified Barth's medium with 0.5 mCi/ml L-[3,5- H]-leucine 
о 
(spec. act. 55 Ci/nmol) or L-[2,5- H]-histidine (spec. act. 47 Ci/mmol) 
or with 0.25 mCi/ml [ C] protein hydrolysate (spec. act. 56 mCi/matom 
C) (all from the Radiochemical Center, Amersham, England). After 
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labeling for various periods at 190C, oocytes were washed with cold 
medium, atypically looking oocytes were removed and oocytes were frozen 
at -200C until further processing. In some cases radioactive amino 
acids were 'chased' by cui turing oocytes in medium containing 1 mM of 
each of 20 amino acids. 
Analysis of translation products 
Batches of 5-10 oocytes were homogenized in immunoprecipitation 
buffer (10 mM sodium phosphate buffer pH 7.2 containing 0.9% NaCl, 1.0% 
Triton-X-100. 0.5% sodium deoxycholate and 0.1% sodium dodecylsulphate. 
Total and acid preci pi tabi e radioactivity of this homogenate was measured 
(Asselbergs et al., 1978) and indirect immunoprecipitation of R-MuLV 
proteins was performed in 0.7 ml volumes essentially according to the 
method of Van Zaane et al., (1975), except that in some cases instead of 
goat anti-rabbit serum, formaldehyde fixed Staphylococcus aureus bacteria 
(20 volumes of a 10% suspension per volume of serum) or protein-A-
Sepharose (Pharmacia, Uppsala, Sweden) (10 volumes 10% suspension per 
volume serum) were used as a second precipitating agent (Nusse et al., 
1978). The rabbit anti-R-MuLV and anti-plO939 serum (a gift of Dr. J.N. 
Ihle, Frederick Cancer Centre, Frederick, Md., USA) have been described 
previously (Reynolds et al., 1970). Anti-p309a9 and another batch of 
anti-total-R-MuLV serum were obtained through courtesy of Dr. J. Gruber, 
Viral Oncology Program, Natl. Cancer Inst. USA. Immunoprecipitated 
polypeptides were analyzed on Polyacrylamide slab gel gradients (7-18%) 
(Van Zaane et al., 1975). In some cases indirect immunoprecipitation 
was used as a quantitative assay using oocyte derived R-MuLV proteins 
labeled with a different isotope as an internal standard. Direct 
quantitative immunoprecipitation of calf lens crystal!ins and the 
electrophoretic assay of globin synthesis in oocytes have been described 
previously (Asselbergs et al., 1978). 
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Culture and labeling of JLS-V9 cells 
JLS-V9 cells chronically infected with R-MuLV were cultured and 
labeled for 15 min with [ C] Proteinhydrolysate as previously described 
(Van Zaane et al., 1975). 
RESULTS 
Time-course of translations of R-MuLV RNA in oocytes 
When the 70S RNA complex from R-MuLV, which contains two 
35S RNA molecules (Bishop, 1978), is injected into the cytoplasm of 
Xenopus oocytes, the percentage of R-MuLV polypeptides synthesized 
increases gradually until about 10 h after injection a constant level of 
synthesis of the 65 kDalton polypeptide (discussed below) is reached 
(Fig. 1A). The rate of synthesis of the 75 and 77 kDalton polypeptides 
decreases after 10 h the percentage of the total incorporation of radio-
active amino acids into protein allows a reasonable estimate of the rate 
of translation of this RNA (Table 1). Of course 1.9 polypeptides mRNA"1 
h~ is only a minimum estimate, since it is based on the assumption that 
all injected mRNA molecules are translated in the oocyt 
The early kinetics of translation of R-MuLV RNA have also been 
studied by labeling a different batch of oocytes, not for constant 
periods of time (Fig. 1), but for increasing periods starting immediately 
after injection of the RNA (Fig. 2). In this experiment a two-phase 
rise of the percentage R-MuLV protein synthesized is observed (Fig. 2D). 
A similar biphasic increase is frequently observed with other mRNA 
species like rabbit globin mRNA or calf aA2-crystallin mRNA (Fig. 3). 
Compared to the 9S globin mRNA and the 14S aA^crystallin mRNA, it takes 
slightly longer before the R-MuLV RNA is 'established' in the trans-
lati onal apparatus of the oocyte. 
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Table 1 Efficiency of translat ion of R-MuLV RNAE 
1_ oocyte protein synthesis 23 
2 tota l amino acid incorporation0 12,700 
3 % R-MuLV protein 2.0 
4 R-MuLV protein synthesis 0.006S 
5 amount of mRNA in jected 6 0.0036 
6^  eff iciency of translat ion 1.9 
ng/h, oocyte 
counts/min, h, oocyte 
% 
pmol/h, oocyte 
pmol/oocyte 
polypeptides/mRNA, h 
a. Estimates of the eff ic iency of translat ion of ca l f aA^-crystal l in and 
rabbit gl obi η mRNA in oocytes obtained with this method d i f f e r less 
than 15% from the values obtained with the estimation method of Gurdon 
et a l . (1971), which is only applicable to mRNAs of known amino 
acid composition. 
b. Reported estimates of the protein synthesis of Xenopus oocytes range 
from 19 to 25 ng/h (Davidson, 1976). 
с Oocytes were labeled from 10 to 14 h after injection in 0.25 mCi/ml 
[ C] protein hydrolysate as indicated in the Methods section. 
d. Calculated from 1 and 3, assuming an average size of 72 kDalton for the 
translation product of R-MuLV RNA. 
e. 12.5 ng R-MuLV RNA/oocyte. 
f. Calculated from 5 and 6. Comparable estimates have been reported for 
mRNAs encoding rabbit β globin: 7-24 polypeptides/mRNA, h (Gurdon 
et al., 1971), duck globin: 2 (Lane et al., 1973), chicken ovalbumin: 
11 (Chan et al., 1976) and aA2-crystallin: 21 (Asselbergs et al., 1978). 
°/o of total protein synthesis ratio рг65/рг75«рг77 of total protein synthesis 
-к го ы 
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Fig. 1 Time-course of translation of R-MuLV RNA in oocytes. (A) 
Oocytes were microinjected with 12.5 ng R-MuLV RNA each and labeled with 
• 3 
[ H] leucine for 4 h at various times after injection. The middle of 
each labeling period is indicated in the figure. The background of 
aspecific precipitation (about 0.35% of the total incorporation of the 
oocytes) has not been subtracted, but is indicated by the point at t = 
0. Immunoprecipitation with anti total R-MuLV serum was performed as 
described in the Methods section. A constant amount of homogenate of 
oocytes, which had been injected with R-MuLV RNA and had been labeled 
14 for 24 h with [ C] amino acids, was added as an internal standard. 
14 Because of the amount of immunoprecipitated [ C]-labeled R-MuLV protein 
3 
was constant, immunoprecipitation of [ H]-labeled R-MuLV protein was 
3 
considered to be proportional to the total amount of [ H] labeled R-MuLV 
protein synthesized by the oocytes. (B) Inmunoprecipitates with anti 
total R-MuLV serum were analyzed on a dodecylsulphate Polyacrylamide gel 
radioactivity of the pr77/75^ " and ргбб^ " regions were measured and 
the ratio pr77/75:pr65 plotted as a function of the time after RNA 
injection. (C) Time-course of translation of rabbit globin mRNA in 
3 
oocytes isolated from the same frog. Globin was labeled with [ H] 
histidine and assayed by Polyacrylamide gel electrophoresis (Asselbergs, 
et al., 1978). 
158 
20 
15 
О ^ in 
г a 
| г а 5 
ί­
ο о 
Ì β 
? 6 
f I 2 
¡ г 
А 
f 
с ' ' ' • 
5 10 15 20 
В 
D ' ' ' • 
5 10 15 20 
·: к 
α "S 
II 
и 
lime after njection (h) 
Fig. 2 Early kinetics of synthesis of R-MuLV protein in oocytes in-
jected with 12.5 ng R-MuLV RNA. Oocytes were labeled with [ H] leucine 
immediately after injection for various periods of time. The end of the 
labeling period is indicated in the figure. Total radioactivity present 
in oocytes (A) and radioactivity present in total protein (B) is depicted 
in the figure together with the radioactivity immunoprecipitable with 
anti total R-MuLV serum. The background of aspecific immunoprecipitation 
has been subtracted (C). Efficiency of immunoprecipitation was constant 
as judged from an internal standard (see legend of Fig. 1). In (D) 
immunoprecipitable radioactivity is expressed as a percentage of total 
radioactive protein of oocytes. This percentage is considered a measure 
for translational activity of microinjected R-MuLV RNA. 
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Fig. 3 Comparison of the translational kinetics of different mRNAs. 
Oocytes were injected with 9S globin mRNA (о- -o), 10-14S calf lens 
crystal lin mRNAs (t ·) or R-MuLV 70S RNA complex (x- -x). The 70S 
complex contains a 35S translatable RNA species (Bishop, 1978). Oocytes 
3 
were labeled as described in the legend of Fig. 2 with [ H] leucine in 
the case of lens mRNA and R-MuLV RNA and with [ H] histidine in the case 
of globin mRNA. The mRNA activity (% foreign translation product) was 
measured and expressed as percentage of the mRNA activity found during 
the longest labeling period. By that time translational activity has 
reached a constant level (compare Fig. 1 for R-MuLV RNA and for other 
RNAs; Assel bergs et al., 1979). 
O--O globin mRNA 
· — · crystallin mRNA 
X—X R-MuLV RNA 
tod 
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Sequential appearance of R-MuLV polypeptides 
When oocytes, injected with R-MuLV 70S RNA, are labeled for 0.5 h 
(not shown) or 1 h (Fig. 4A), 3 translation products with estimated 
molecular weights of 77, 75 and 65 kDalton are observed. The 77 and 75 
kDalton polypeptides were not resolved in our earlier experiments, but 
instead migrated as a single band of 72 kDalton in the gel (Salden et 
al., 1976b). A duplicate experiment, in which immunoprecipitation of R-
MuLV polypeptides was performed with monospecific antisera against the 
viral core polypeptides p309a9 (Fig. 5B) and p l O ^ (Fig. 5C), demon-
strates that all these polypeptides originate from gag-gene of R-MuLV. 
During a pulse-chase experiment these high molecular weight precursor 
polypeptides disappear, while polypeptides of the size of mature viral 
core proteins appear (Fig. 6). P10^a9 was not detected in this experi-
ment, since this polypeptide elutes during processing of the gel for 
fluorography (Van Zaane, 1977). Pr779a9, pr759a9 and pr659a9 are also 
observed in R-MuLV producing JLS-V9 cells after a 15 min labeling period 
together with the precursor of the envelope glycoprotein, pr82env (Fig. 
4). 
When oocytes are labeled for 10 to 22 h starting immediately after 
injection of the R-MuLV RNA, the most conspicuous translation product is 
pr659 9, while pr779a9 and pr759a9 gradually disappear as the labeling 
period increases (Fig. 4, 5). The shift in the ratio pr77 + 75 9a9 and 
pr659 9 was analyzed in more detail by measuring the radioactivity in 
the appropriate regions of the gel (Fig. 6A and B). Pr659a9 starts to 
dominate over pr77 + 75 9 a 9 from about 10 h after injection. Less apparent 
is, that between pr779a9 and pr759a9, pr779a9 tends to dominate during 
shorter labeling periods (Fig. 4A, 5B), whereas pr759a9 dominates after 
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Fig. 4 Sequential appearance of R-MuLV proteins in oocytes 
microinjected with R-MuLV RNA. Oocytes were labeled as indicated in the 
legend of Fig. 2 except that no [ C] labeled oocytes were included as 
3 
an internal standard. A constant amount of [ H]-labeled protein precipitated 
with anti total R-MuLV serum (4000 counts/min) was applied onto the gel 
(a-g) or an amount equivalent to the products synthesized by two oocytes 
(a'-g1). For comparison an immunoprecipitate of the R-MuLV producing 
cell line JLS-Vg is included (Vg). Positions of envelope precursor 
polypeptide pr 8 2 e n v , the immunoglobulin heavy chain (H) and the viral 
core proteins p30 9 a 9 and pl5 9 a 9 are shown together with molecular weights 
of gag-precursor polypeptides and intermediate processing products. 
Oocytes were labeled for 1 h (a), 2 h (b), 4 h (с), 6 h (d), 8 h (e), 12 
h (f) or 22 h (g). 
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Fig. 5. Immunoprecipitation of R-MuLV precursor polypeptides with 
35 
monospecific antisera. Oocytes were labeled with [ S] methionine and 
immunoprecipitated with anti total R-MuLV and monospecific antisera 
^gag gag against the viral proteins p30a a and pi0a a. Control oocytes were 
injected with distilled water and labeled for 4 h (a) or for 20 h (к). 
Oocytes injected with R-MuLV RNA were labeled for 2 h (b), 4 h(c), 6 h 
(d), 8 h (e), 10 h (f), 14 h (g), 20 h (h), 30 h (1) and 48 h (j). On 
the left side of the figure the position of reference proteins bovine 
serum albumin (67,000 dalton), immunoglobulin heavy chain (H, about 
50,000), ovalbumin (45,000), calf aA2-crystallin (20,000) and ribo-
nuclease (13,000) is indicated. At the right side the apparent molec­
ular weights of R-MuLV polypeptides is given. The viral polypeptides 
plO and pl5 are not labeled, since they do not contain methionine residues. 
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Fig. 6 Labeling kinetics of R-MuLV proteins. Oocytes were 
labeled as described in the legend to Fig. 2. The immunoprecipitates 
obtained with anti total R-MuLV serum were analyzed on a Polyacrylamide 
gel as in Fig. 5. Radioactivity of different parts of the gel was 
measured and values are expressed as a percentage of the total protein 
radioactivity of oocytes (A, C) or as a percentage of the total R-MuLV 
immunoprecipitable radioactivity (B, D). In A and В labeling kinetics 
of three high molecular weight polypeptides are shown. Pr75/77^a9 
(o-e-) and pr65 9 a 9 (· §) have previously been identified in oocytes 
(pr75/779a9 in this gel system is identical to the 72,000 dalton gag-
precursor previously detected in oocytes; Salden et al., 1976b). The 
other curve (x- -x) depicts incorporation into a polypeptides of about 
93,000 dalton, all products of the gag-gene of R-MuLV (see text). In С 
and D labeling kinetics of three viral core polypeptides are depicted, 
p30 9 a g (è ·) , pl59ag (о- о-) and pl2 g a 9 (x- -x). 
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longer periods (Fig. 4G, 51). In another experiment oocytes were labeled 
for 4 h periods at various times after injection of the virion RNA Fig. 
1). The ratio pr65^a^/pr77+75^a^ increases steadily until it levels off 
after about 24 h (Fig. IB). 
In addition to the three gag precursor polypeptides mentioned 
above, another group of high molecular weight translation products is 
observed. These 90-95 kDalton polypeptides, which under certain condi-
tions may constitute as much as 15% of the labeled R-MuLV polypeptides 
(Fig. 7B), migrate as a smear of poorly resolved bands in the gel (Fig. 
4, 5). This phenomenon is known for glycoproteins (Van Zaane et al., 
1975). However, the incorporation of radioactive glucosamine or fucose 
in oocytes was too small to establish, whether they really are glycoproteins. 
The 90-95 kDalton polypeptides can be precipitated with antisera against 
the viral core proteins p30 9 a 9 and plO9*9 (Fig. 5B, C), but not with 
antiserum against the envelope glycoprotein gp70env (not shown), and 
they will for convenience be designated pr90-959a9. During a pulse-
chase experiment pr90-959a9 disappear in a similar manner as pr759a9 and 
pr659a9 (Fig. 6, 8). From short labeling experiments it appears that 
the 90-95 kDalton polypeptides appear somewhat later than the other gag-
precursors (Fig. 7A, B). 
When oocytes are labeled for increasing periods, mature p30 9 a 9 and 
pl5 9 a 9 appear after about 24 h (Fig. 4, 5, 7). P12 9 a 9 appears somewhat 
later, since it is not detected after pulse-labeling for 24 h, but it 
appears during the chase period (Fig. 6). Quantitation of the fluctua-
ting amounts of R-MuLV polypeptides demonstrates the existence of a 
temporal gap between the disappearance of the gag-precursors (here 
defined as polypeptides of 65 kDalton and larger) and the appearance of 
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Fig. 7 Pulse-chase analysis of R-MuLV polypeptides synthesized 
in oocytes. Oocytes from two different frogs (a-d and e-k) were labeled 
as indicated in the legend to Fig. 7. Oocytes were injected with 25 nl 
distilled water (a, e, k) or with 12.5 ng R-MuLV RNA (b-d, f-j). 
Oocytes were labeled for 24 h (a, b, e, f) and chased with unlabeled 
amino acids for 1 day (g), 2 days (c, h), 4 days (j, k) and 5 days (d). 
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Fig. 8 Pulse-chase kinetics of R-MuLV polypeptides in oocytes. 
Oocytes were injected with R-MuLV RNA, labeled for 24 h with [14C] 
amino acids and then chased in fresh medium containing non-radioactive 
amino acids. Total oocyte radioactivity and radioactivity present in 
protein were measured. The % radioactive protein is depicted in (A). 
Immunoprecipitable radioactivity using anti total R-MuLV serum is 
expressed as a percentage of total protein radioactivity (B). Immuno-
precipitates were also analyzed on a Polyacrylamide gel slab (shown in 
Fig. 7) and the radioactivity of the appropriate regions of the gel was 
measured and expressed as % of total immunoprecipitable radioactivity. 
Curves of three high molecular weight R-MuLV polypeptides, pr75/77 9 a 9 
(о- -o), pr65 9 a g (· ·) and the polypeptide(s) of about 93,000 dalton 
(χ- -χ), are depicted in (C). Kinetics of synthesis of three mature 
viral proteins, p30 9 a 9 (· ·), pl5 9 a 9 (о- -o) and pl2 9 a 9 (x- x), are 
shown in (D). The data shown in this figure were compiled from experi­
ments with oocytes from two frogs. 
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mature viral proteins (Fig. 8), indicating the existence of a number of 
rather stable processing intermediates of 35-60 kDalton (Fig. 4, 5). 
DISCUSSION 
Synthesis and processing of the gag-precursor polypeptides 
Three genetic domains have been identified in the genome of MuLV 
encoding the viral core polypeptides (also called group-specific-antigens), 
the RNA dependent DNA polymerase and the envelope protein respectively. 
The gag, pol-and env-genes occur in this 5' to 3' sequence in the viral 
RNA genome (review. Bishop, 1978). In a cell-free system the 35S RNA is 
translated mainly into precursors of the core polypeptides, while as 
minor translation products precursors containing both the core polypep­
tides and the reverse transcriptase occur (review. Eisenman and Vogt, 
1978). The latter are thought to arise as a result of a low frequency 
of readthrough of the stop-codon at the end of the gag-gene (Salden et 
al., 1976b). The translation products of virion MuLV RNA, listed in 
Table 2, are with one exception all related to the gag-gene. The only 
polypeptide not precipitable with antisera against рЗО^ ^ and p l O ^ is 
a minor 51 kDalton translation product, which only precipitates with 
antiserum raised against whole MuLV (Fig. 5A, Table 2). It has not been 
possible to demonstrate beyond doubt the synthesis in oocytes of the 
MuLV 180 kDalton gag-pol-polypeptide due to the frequent occurrence in 
our immunoprecipitates of an aspecifically precipitating oocyte polypep­
tide of similar size (for example Fig. 9). However, a metabolically 
instable minor translation product of 170 kDalton (slightly smaller than 
the coprecipitating oocyte protein) presumably identical to the gag-pol-
polypeptide, has been observed after injection of viral RNA of other 
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retroviruses, namely avian myeloblastosis virus (Asselbergs and Salden, 
unpublished results) and bovine leukemia virus (Ghysdael et al., 1979). 
It is therefore, not unlikely that also the MuLV gag-pol polypeptide is 
synthesized in oocytes. 
Pr65^a9 (Table 2d) contains the complete amino acid sequences of 
all four R-MuLV core polypeptides (Barbacid, et al., 1976), while the 
larger precursor pr76ga9 (probably identical to pr77gag or pr759ag in 
oocytes) contains an additional peptide, here designated X (Table 2b, 
c), at the NH2-terminal end (Schultz and Oroszlan, 1978). Both pr659a9 
and pr769ag can be labeled in a cell-free system with tRNAf e (Edwards 
and Fan, 1979), but only termination of pr769a9 can be suppressed by 
addition of yeast amber mutant tRNA to the translation system (Phillipson 
et al., 1978). It thus appears that pr769a9 and pr659 9 are translated 
from different 35S mRNAs. Probably due to its NH2-terminal extension 
pr769a9 appears to follow a different pathway in the cell. Pr769a9 
isolated from infected cells appears to be glycosylated and to be pro-
cessed into polypeptides with higher degree of glycosylation (Edwards 
and Fan, 1979), similar to the 90-95 kDalton gag polypeptides observed 
in oocytes (fig. 4). In our experiments pr769a9 migrates as a double 
band in the gel. The slower migrating polypeptide, pr779a9, appears to 
be the precursor of pr759a9, since it tends to dominate during short 
labeling periods (Fig. 4,5). In a reticulocyte cell-free system membrane 
bound polyribosomes isolated from JLS-V9 cells direct the synthesis of a 
slightly larger polypeptide than free polyribosomes (Gielkens, et al., 
1976). It is therefore also possible that pr779a9 differs from pr759a9 
in a post-synthetic modification, most likely a glycosylation. A gag-
precursor polypeptide of 82 kDalton, is synthesized in the presence of 
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Table 2. R-MuLV polypeptides synthesized in oocytes. 
JLS-V„ tentat ive i d e n t i f i c a t i o n apparent 
15 min. molecular 
pulse weight 
label ing. (kDalton) 
a. ?-x-p15-pl2-p30-plO-? 90-95 Polypeptides appearing 
b. + ?-x-pl5-pl2-p30-pl0 77 within 2 h af ter in ject ion 
c. + x-pl5-pl2-p30-pl0 75 of RNA and disappearing in about 
d. + pl5-p12-p30-pl0 65 24 h during pulse-chase exp. 
e. + pl5-pl2-p30 59 
f . 51 
g. ?-pl2-p30-pl0 49 
h. p12-p30-pl0 46 
i . pi 2-230 39 
j . рЗО-рЮ 34 
к. £30 30 Viral polypeptides appear 
1. ¿1_5 18 about 20 h after in ject ion 
m. ¿|2. 12 of RNA; radioact iv i ty s t i l l 
n. plO 8 increases 3 days after chase. 
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Subscripts to Table 2: 
This table compiles the results from figures 4 and 5. The tentative 
identification is based on the known sequence of the MuLV core polypeptides 
within the gag precursor pr65 (Barbacid, et al., 1976). The presence of the 
polypeptide sequences of the underlined core polypeptides р З О ^ , pl2^ a^ and 
pl0 9 a" has been demonstrated by immunoprecipitation with monospecific antisera 
against p30 9 a g and plO g a g (Fig. 5) and pl2 9 a g (Reynolds, et al., 1978). The 
polypeptide plO g a g was not detected in the experiment shown in Figures 4 and 5, 
since plO élûtes from the gel during processing for fluorography (Van Zaane, 
1977). The nomenclature of MuLV polypeptides is based on their apparent 
molecular weights during gel filtration in the presence of guanidine-HCL, 
which is different from the apparent molecular weight in sodium dodecylsulphate 
Polyacrylamide gels. Identical apparent molecular weights were observed 
for p30 9 a 9, pl5 9 a 9, pl2 9 a 9 and pl0 9 a g regardless whether derived from MuLV 
virions, JLS-V9 cells or oocytes (not shown). 
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an arginine analog canavanine in JLS-V9 cells (Van Zaane, et al., 1976) 
and in a cell-free system (Salden, et al., 1976b). Therefore, the 
possibility that both pr76^a^ and р г б б ^ are processing products of 82 
kDalton primary translation products should be kept in mind. The largest 
(group of) translation product(s) of R-MuLV detected in oocytes, pr90-
9 5 g a 9 (Table 2a), seems to appear slightly later than pr77 g a g, pr75 9 a 9 
and pr65 9 a 9 (Fig. 7), suggesting that pr90-95 g a g is not a primary trans­
lation product of R-MuLV RNA. An unstable gag processing intermediate 
of about 90 kDalton (JLS-V9 pr90 g a 9 has also been observed in JLS-V9 
cells (Van Zaane, et al., 1976). If pr82 9 a 9 is the primary translation 
product of the gag-region, the JLS-V9-pr909ag and the oocyte pr90-95 9 a 9 
might be derived from pr82 g a 9, possibly via pr76 9 a 9, by incorporation of 
sugar residues. Such glycosylated forms of the gag precursor have been 
detected on the cell surface of MuLV infected cells under certain conditions 
(Evans, et al., 1977; Ledbetter, et al., 1977; Edwards and Fan, 1979). 
However the possibility that JLS-V9 pr90 9 a 9 and oocyte pr90-95 9 a 9 are 
processing products of the gag-pol-precursor cannot be excluded. 
The tentative identification of the processing intermediates (Table 
2e, g-i) is based on the assumption that all have been derived from 
pr659 9. The sequence of the viral core polypeptides within this pre­
cursor has been established by Barbacid et al., (1976). Indirect evi­
dence had prompted them to conclude that the positions of plO 9 3 9 and 
p30 9 a 9 within the precursor must be adjacent. Their conclusion is 
confirmed by the discovery of the small polypeptide pr34 9 a 9 in oocytes 
(Table 2j), which contains the antigenic determinants of both plO 9 3 9 and 
p30 9 a 9. The difference between pr49 9 a 9, which appears only early after 
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injection of R-MuLV RNA (Fig. 4A, D) and pr469a9, which appears slightly 
later (Fig. 4C,G) is not clear. 
Viral polypeptides have been implicated in the processing of poly-
proteins of several viruses (Esteban and Kerr, 1974; Scupham, et al., 
1977; Pel ham, 1978). The core protein prl59a9 of Rous sarcoma virus, 
equivalent to MuLV pl2 9 a 9, has been identified as a proteolytic enzyme 
involved in the processing of the gag-precursor, that is: its own 
precursor (von der Helm, 1977). A proteolytic factor capable of cleaving 
the gag-precursor has also been isolated from MuLV virions (Yoshinaka 
and Luftig, 1977a and b). However the processing of the gag-precursor 
in oocytes proceeds initially in complete absence of viral proteins. 
There is apparently a shift in the processing pathway of pr659a9 which 
possibly may be caused by viral translation products. Processing inter-
mediate pr499a9 is only detectable up to 6 h after injection, whereas 
later pr469a9 appears (Fig. 4). 
Kinetics of translation of MuLV RNA in oocytes 
We have previously demonstrated that the gradual increase of the 
(apparent) rate of translation of microinjected mRNAs is accompanied by 
a parallel decrease of the sensitivity to competitive inhibition of 
translation by a second mRNA injected afterwards up to the level of the 
oocyte endogenous mRNAs. The injected mRNA is by this criterion grad-
ually established as an 'endogenous' mRNA (Asselbergs et al., 1979). 
The slower rate of establishment of 29S vitellogenin mRNA in respect to 
9S globin and 16S albumin mRNA has been attributed to the larger size of 
vitellogenin mRNA (Berridge and Lane, 1976). However, the rate of 
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establishment of R-MuLV RNA is only slightly slower, than that of lens 
and globin mRNA (Fig. 3), despite the enormous difference in the size of 
the RNA molecules, the 35S MuLV RNA genome being about 3.4 χ IO6 Dalton 
(Riggin et al., 1975), 14S aA^crystallin mRNA 520,000 Dalton and 9S 
globin mRNA 200,000 Dalton (Berns et al., 1974). 
Microinjected rabbit globin mRNA is completely stable in oocytes 
for periods up to two weeks (Gurdon et al., 1973), whereas typical 
unstable mRNAs, such as poly(A)-free globin mRNA or histone mRNAs, are 
no longer translated 1 day after injection (Huez et al., 1978). In our 
experiment the pr65^a^ mRNA appears to be a reasonably stable mRNA, 
since it is still translated 3 days after injection (Fig. 1A). The 
translation of the mRNA(s) encoding pr77^ a 9 and pr75 9 a 9 appears to 
increase parallel to the translation of the pr65 9 a 9 mRNA up to 10 h 
after injection (Fig. 1A). Between 10 and 25 h after injection the 
relative rate of synthesis of pr659 " compared to the rate of synthesis 
of pr77 and 7 5 9 a 9 increases dramatically, whereas between 25 and 60 h 
after injection the relative rates of synthesis are constant again (Fig. 
IB). These differential rates of synthesis of the gag precursor polypep­
tides may reflect a regulatory effect by the mature viral polypeptides, 
which start to accumulate between 12 and 24 h after injection (Fig. 6) 
on the mRNA translation or on the processing of the precursor polypeptides. 
Microinjection of MuLV RNA into the oocyte nucleus 
One of the intriging properties of the viral RNA of the murine 
leukemia viruses is that the 35S RNA molecule, although it contains the 
genetic information for the synthesis of the envelope proteins, does not 
express this information, when the viral RNA (or the 35S mRNA isolated 
175 
from JLS-V9 polyribosomes) is translated in a cell-free system or in 
oocytes (Salden et al., 1976a; Gielkens et al., 1976). In a cell-free 
system a 22S mRNA isolated from the polyribosomes of R-MuLV producing 
JLS-V9 cells directs the synthesis of a (probably unglycosylated) en-
velope polypeptide of 70 kDalton (Gielkens et al., 1976). When injected 
in the cytoplasm of Xenopus oocytes, this subgenomic mRNA directs the 
synthesis of envelope precursor pr 82e v and of mature gp70 (Van 
Zaane, et al., 1977). The nucleotide sequences at the 5' end and at the 
3' end of the 22S mRNA are identical to those found in the 35S RNA 
(Rothenberg et al., 1977). Therefore the 22S mRNA is probably derived 
from a genome size primary transcript of the integrated viral genome by 
removal of some intervening sequences, a process now generally referred 
to as 'splicing'. Since most of the processing of mRNA occurs in the 
nucleus, we decided to inject 35S RNA directly into the oocyte nucleus. 
Technically, intranuclear microinjection is complicated by the 
opaqueness of the cytoplasm of the oocyte due to the yolk platelets. 
One way of hitting the nucleus is to aim the microinjection needle 
precisely at the animal pole of the oocyte directly under which the 
germinal vesicle (the giant oocyte nucleus) lies hidden (Gurdon, 1976). 
Alternatively one can visualize the nucleus by centri fuging the oocyte 
at low speed. The nucleus, which has a lower density than the cytoplasm, 
floats towards the surface of the cell, where it displaces the pigment 
granules creating a lighter spot surrounded by a dark ring at the sur-
face of the oocyte. Microinjection is aimed at the centre of the ring 
(Kressmann et al., 1977). Transcription of DNA inserted into the nucleus 
by these techniques and subsequent coupled translation of the synthesized 
mRNA (implying also correct transport and splicing of mRNA precursors) 
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Fig. 9 Microinjection of Mo-MuLV RNA into the nucleus of Xenopus 
oocytes. 15 nl Mo-MuLV 35S virion RNA (1 mg/ml) (1, 2) or distilled 
water (3, 4) was injected into the nucleus (1, 3) or the cytoplasm (2, 
4) of 20 Xenopus oocytes which were subsequently labeled for 24 h. 
Immunoprecipitation was carried out with antiserum against Mo-MuLV gp70 
(left) or antiserum against whole Mo-MuLV virions (right). A portion of 
the immunoprecipitates equivalent to 4 oocytes was analyzed on the slab 
gel. 
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has been demonstrated for SV40 DNA and cloned Drosophila hi stone DNA 
(DeRobertis et al., 1977; Rungger and TUrler, 1978) and (restriction 
fragments) of adenovirus DNA (F.A.M.A. and M.H.L.S., unpublished results 
obtained in collaboration with A. van der Eb). Using either technique 
we were unable to detect the synthesis of envelope polypeptides after 
intranuclear injection of any form of virion RNA. Both with 35S RNA of 
Moloney MuLV (Fig. 9) or Rauscher MuLV (not shown) and with 70S R-MuLV 
exclusively synthesis of gag-polypeptides is observed. The amount of 
gag-related polypeptides synthesized after injection of viral RNA into 
the nucleus is lower as compared with injection into the cytoplasm. 
Injection of whole virus (R-MuLV or Mo-MuLV) solubilized by freezing and 
thawing or with 0.4% Nonidet P-40 results in the exclusive synthesis of 
the gag-polypeptides. 
Our observations contrast with the results obtained by microinjec-
tion of Rous sarcoma viral RNA into the nucleus of tissue culture cells 
(Stacey and Hanafusa, 1978). However in the latter experiments the 
possibility of recombination at the DNA-level cannot totally be excluded, 
since the injected tissue culture cells were preinfected with a mutant 
virus capable of synthesizing reverse transcriptase (but not envelope 
protein). As to why oocytes apparently fail to splice 35S RNA, no 
definite explanation is available at present. It might be due to 
deficiencies in the 35S virion RNA (for example because it is internally 
methylated (Bondurant, et al., 1976)) or in the oocytes. Differences 
between amphibian and mammalian cells (for example the incubation 
temperature of oocytes is 190C) apparently do not affect splicing of 
mammalian mRNA in oocytes very much, since synthesis of the spliced mRNA 
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encoding SV40 T-antigen has been detected after injection of SV40 DNA 
into oocytes (Rungger and Türler, 1978). Perhaps splicing is in some 
intricate way connected to the transcription process or it may involve 
a virus encoded protein that is not synthesized in oocytes. Other 
possibilities include a deficiency in the transport of the env-mRNA to 
the cytoplasm or insufficient stabilization of the env-mRNA in oocytes. 
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SAMENVATTING 
Dit proefschrift beschrijft experimenten, waarin boodschapper-RNA 
(mRNA) ingespoten wordt in het citoplasma van levende cellen, teneinde de 
vertaling van het mRNA te bestuderen onder omstandigheden, die zo dicht 
moqelijk de normale omstandigheden benaderen. Er werd gebruik gemaakt van 
de eicellen (oöcyten) van de Zuidafrikaanse klauwpad, Xenopus laevis, die 
door hun bijzondere qrootte zeer geschikt zijn voor micro-injectie experi-
menten. Naast de experimenten van de auteur is een korte beschrijving van 
de biologisch-technische aspecten van dit soort experimenten met Xenopus 
eicellen opgenomen (hoofdstuk II) alsmede een uitgebreid overzicht van de 
literatuur over micro-injectie van mRNA (hoofdstukken III-l en IV-1). 
Bestudering van de regulatie van de vertaling van mRNA in eicellen 
vereist een methode om de aanmaak van de vertalingsproducten, de eiwitten, 
te meten. Drie methoden werden hiervoor gebruikt, (a) Door middel van gel-
elektroforese kunnen de (radioactief gemerkte) oöcyt-eiwitten worden ge-
scheiden van de translatieproducten van sanmige ingespoten mRNA's. Deze 
techniek blijkt geschikt om de vertaling van konijneglobine mRNA en van 
sommige kalfsooglens mRNA's te meten (hoofdstuk III-3). (b) Immuunpreci-
pitatie van de verschillende soorten ooqlens-eiwitten (crystallines) kan 
kwantitatief worden uitgevoerd door coprecipitatie met toegevoegde (niet 
radioactief gemerkte) gezuiverde ooglenseiwitten toe te passen (hoofdstuk 
II1-2). (c) Immuunprecipitatie van de translatieproducten van het Rauscher 
mui zeieukemie-virus (R-MuLV) kon gestandaardiseerd worden door met een 
ander radioactief isotoop gemerkte translatieproducten te gebruiken als 
interne standaard (hoofdstuk V-3). Met behulp van deze technieken werd 
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van het ingespoten mRNA maximaal is. De snelheid blijft dan in het alge-
meen constant gedurende enige dagen : ieder van de drie ingespoten soorten 
mRNA (gl obi ne-, crystalline- en RMuLV-mRNA), is stabiel in oöcyten. De 
efficiëntie, waarmee het ingespoten mRNA vertaald wordt, verschilt tussen 
groepen oöcyten, die geïsoleerd worden uit verschillende padden. Eicellen 
geïsoleerd uit eenzelfde pad vertalen crystalline mRNA's ongeveer tweemaal 
zo efficiënt als g-g lobi ne mRNA. De efficiëntie van de vertaling van RMuLV-
RNA ligt in het algemeen ongeveer vijfmaal zo laag als die van ß-globine-
mRNA. De vertalingscapaciteit van de eicel is beperkt. Een boodschapper-
RNA kan daarom verdrongen worden door een overmaat van een tweede mRNA. 
Of dit tweede mRNA meer of minder efficiënt vertaald wordt, speelt geen 
rol.(hoofdstuk III-3), Daarentegen ondervonden endogene en ingespoten 
mRNA's geen enkele competitie van "cap"-analogen, synthetische equivalenten 
van het S'-uiteinde (de "cap") van mRNA's (hoofdstuk III-4). Deze resul-
taten tonen een aanzienlijk verschil aan tussen vertaling van mRNA in 
oöcyten en in celvrije systemen, want in celvrije vertalingssystemen wordt 
een efficiënt mRNA niet verdrongen door een overmaat van een inefficiënt 
mRNA en bovendien wordt de vertaling van mRNA in vitro sterk geremd door 
"cap"-analogen. In oöcyten blijken boodschapper-RNA's, die al vertaald 
worden, in het bijzonder de endogene mRNA's van de eicel, een voorsprong 
te hebben in de competitie met nog niet vertaalde mRNA's. Als de inge-
spoten mRNA's eenmaal met maximale snelheid vertaald worden (vanaf б a 8 
uur na inspuiten) blijken ze ook beter bestand tegen competitie van pas 
ingespoten mRNA's en gedragen ze zich in dit opzicht als eohte endogene 
mRNA's (hoofdstuk III-3). 
Na de vertaling van de boodschapper-RNA's worden vaak nog bepaalde 
veranderingen aangebracht in de pas gemaakte eiwitketen. Wanneer Xenopus 
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eicellen worden ingespoten met een heteroloog (uit een ander type cel 
afkomstig) mRMA, worden deze post-synthetische modificaties van het 
translatieproduct meestal correct uitgevoerd (hoofdstuk IV-1). Twee 
voorbeelden hiervan zijn door de auteur bestudeerd : de assemblage 
van -crystalline (hoofdstuk IV-2) en de proteolytische splitsing van 
het primaire translatieproduct van retrovirus RNA, in het bijzonder 
van de RNA's van het vogelleukose-virus (AMV)(hoofdstuk V-2) en R-MuLV 
(hoofdstuk V-3). In Xenopus eicellen, maar niet in een celvrij systeem, 
worden de translatieproducten van de lens mRNA's tot -crystalline 
aggregaten bestaande uit ca. 40 subeenheden geassembleerd. De A-ketens 
alleen blijken ook een aggregaat te kunnen vormen. Waarschijnlijk wordt 
de aggregatie door het Α-crystalline geïnitieerd, waarna de B-ketens 
opgenomen worden in het aggregaat. De post-synthetische splitsing van 
het translatieproduct van het retrovirus RNA in de vier structurele 
eiwitten van het viruskerntje verloopt ook niet in vitro, maar wel in 
eicellen. De splitsingen verlopen langzamer in oöcyten dan in de door 
de virussen geïnfecteerde cellen van warmbloedige dieren. Daardoor 
kunnen de splitsingsintermediairen beter bestudeerd worden en kan de 
volgorde van de virale eiwitten in het 'polyproteine' gemakkelijker 
bepaald worden. 
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Wanneer "in vitro"-translatie gebruikt wordt om de rol van de faktoren bij 
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